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Abstract – Zusammenfassung
Extensive research on the human voice with its sensory and motor systems has
converged on the idea that the auditory system is critical for vocal production,
yet recent reports suggest that the somatosensory system contributes more
substantially to vocal motor-control than currently recognized. This thesis
assessed the modulator influence of primary somatosensory cortex (S1) on
vocal pitch-matching with transcranial magnetic stimulation, applied to right
larynx-S1 and a dorsal-S1 control area in untrained singers. In experiment
I, participants sang before and after TMS with normal auditory feedback
whereas in experiment II, auditory feedback was masked with noise. TMS
showed no effects on singing in experiment I. However, when auditory feedback
was masked, larynx-S1 stimulation significantly improved both initial pitch
accuracy and final pitch stability in contrast to dorsal-S1 stimulation. Positive
effects of larynx S1 stimulation on initial and final pitch accuracy were more
pronounced in participants who sang less accurately prior to iTBS. Moreover,
masking showed more adverse effects on pitch-control in participants with
higher pitch-discrimination thresholds. Conversely, these participants also
profited more from larynx-S1 stimulation in initial and final-pitch accuracy.
These data provide first evidence for a critical involvement of larynx-S1 in
pitch motor-control independent from prior singing experience.
xi
xii Abstract – Zusammenfassung
Umfangreiche Untersuchungen am motorischen und sensorischen Kontrollsys-
tem der menschlichen Stimme basieren zumeist auf der Idee, dass das Geho¨r
entscheidend fu¨r die Stimmkontrolle ist. Doch neuere Forschungsergenisse
deuten darauf hin, dass das somatosensible System wesentlicher zur exak-
ten Steuerung der Stimme beitra¨gt als bisher anerkannt wird. Diese Arbeit
untersucht den modulatorischen Einfluss des prima¨ren somatosensorischen
Kortex (S1) auf die Tonho¨henanpassungsfa¨higkeit beim Singen mit Hilfe
von transkranieller Magnetstimulation (TMS). Diese wird angewandt auf
die rechtsseitige somatosensorische Repra¨sentation der Kehlkopfmuskulatur
und einer dorsalen S1 Kontrollregion. Getestet wurden ungeu¨bte Sa¨nger. In
Experiment I sangen die Teilnehmer vor und nach der TMS mit normalen
akustischem Feedback wa¨hrend im Experiment II das auditive Feedback
mit ’pink noise’ maskiert wurde. Die TMS zeigte keine Auswirkungen auf
die Gesangsgenauigkeit in Experiment I. Wenn jedoch das akustische Feed-
back maskiert wurde fu¨hrte die Stimulation der Kehlkopfrepra¨sentation zu
einer deutlichen Verbesserung, sowohl der initialen Tonho¨hengenauigkeit,
als auch finalen Tonho¨henstabilita¨t des gesungen Tones, im Gegensatz zur
Stimulation des dorsalen Kontrollareals. Positive Auswirkungen der Stimu-
lation des Kehlkopfareals auf die initiale und finale Tonho¨hengenauigkeit
waren sta¨rker ausgepra¨gt je ungenauer die Teilnehmer vor der TMS ge-
sungen haben. Daru¨ber hinaus zeigte die Maskierung des Ho¨ren sta¨rkere
negative Auswirkungen auf Tonho¨henkontrolle bei Teilnehmern mit schlech-
terer Ho¨rgenauigkeit. Umgekehrt profitierten diese Teilnehmer auch mehr
von der TMS der Kehlkopfregion im Bereich der initialen wie auch finalen
Tonho¨hengenauigkeit. Diese Daten liefern erste Hinweise auf eine notwendige
Beteiligung der S1 Kehlkopfregion in der Stimmkontrolle unabha¨ngig von
vorhergehender Gesangserfahrung.
Overview
Chapter 1 – Introduction
This chapter introduces the reader to the main idea of this thesis and gives
a short overview over the current literature. It highlights the knowledge gap
in the current research and exhibits how these two experiments can help to
close this gap.
Chapter 2 – The Human Voice
Here, I depict the key aspects of vocal motor control and its control systems
from different point of views. (e.g. anatomy, physiology, neuroanatomy)
Chapter 3 – Transcranial Magnetic Stimulation
Transcranial Magnetic Stimulation (TMS) is a widely used, non-invasive
brain stimulation technique. Besides the technical and physical background,
the experimental setup and procedure are explained. Moreover, stimulation
protocols and their effects are discussed.
Chapter 4 – Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a modern and powerful non-invasive
imaging technique making it possible to record in vivo high resolution brain
images. This chapter describes the basic physical principles of MRI and the
applied technique e.g. the event related sparse sampling design.
xiii
xiv Overview
Chapter 5 – Behavioural Testing and Statistics
In both studies I used behavioural measures to investigate pitch discrimina-
tion and pitch reproduction performance. Moreover, several questionnaires
are utilised to effectively acquire subjects personal and musical background.
Chapter 6 – Experiment I
In the first experiment I used TMS over the right laryngeal S1 and a dorsal
S1 control area to investigate the role of somatosensation on vocal motor
control while auditory feedback remained unchanged. Methods and results
are depicted and preliminary discussed.
Chapter 7 – Experiment II
This chapter describes the second experiment where I used TMS over the
right laryngeal S1 and a dorsal S1 control area to investigate the role of
somatosensation on vocal motor control while auditory feedback was removed
during singing with noise. Methods and results are explained in detail and a
first discussion of the results is started
Chapter 8 – Discussion
Finally, results of experiment I and II are reviewed and put into relation with
respect to the recent literature. Furthermore, open questions, limitations of









Human vocal production is a highly complex motor task that develops over an
extended time period and reaches high levels of motor consistency for speech
sounds only around the age of 14 (Smith and Zelaznik 2004; Smith 2006).
The neural control over this dynamic system is demanding, as it requires the
precise coordination of respiratory, laryngeal, and articulatory muscle groups
and the simultaneous integration of multimodal sensory information (Titze
1993; Ludlow 2005; Eickhoff et al. 2009; Kleber et al. 2013). Within the
sensory modalities, auditory feedback from the own voice is thought to play a
major role in the development of voluntary control over vocal utterances, as it
provides precise information about the acoustic consequences of goal-directed
movements within vocal-tract structures with respect to intended auditory
trajectories (Perkell et al. 2007; Zarate 2013). Several behavioral and neu-
roimaging studies have investigated auditory-motor interactions, mostly by
demonstrating corrective vocal motor responses to auditory perturbations
such as real-time shifting of vocal fundamental frequency (i.e., pitch) or
masking hearing with noise (for example, see Burnett et al. 1998; Larson
1998; Hain et al. 2000; Zarate and Zatorre 2008). While these data support
the widely held view that acoustically monitoring ones own voice is the
main tool for guiding human vocalizations, a growing body of evidence also
suggests that somatosensory feedback from the vocal tract plays a greater
role in fine vocal-motor control than previously thought (Tremblay et al.
2003; Mu¨rbe et al. 2004; Nasir and Ostry 2006; Kleber et al. 2010; Lametti
et al. 2012; Kleber et al. 2013).
Somatosensory feedback that accompanies vocalizations reflects feelings of
touch, stretch, vibration, and position. They originate from sensory recep-
tors located in the chest wall, vocal tract muscles, joints, and mucosa and
contribute to the vocal motor management by providing information about
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the current state of the vocal system (Ju¨rgens 2002; Smith and Zelaznik
2004; Hickok 2012). Signals generated by these receptors ascent via brain-
stem nuclei and the thalamus to insular and primary somatosensory cortices
(S1). From there they project to primary motor (M1) and parietal sensory
integration areas respectively (Ju¨rgens 2002; Ackermann and Riecker 2004;
Eickhoff et al. 2009). At the highest level of motor control, these signals
are somatotopically organized for lip, jaw, and tongue movements and the
larynx in M1 (Brown et al. 2008, 2009; Grabski et al. 2012), which reflects
also the exceptional ability of humans to learn new vocal motor patterns
due to direct connections between primary motor cortex and vocal motor
neurons in the brainstem (Simonyan and Horwitz 2011).
The precision requirements of movements for articulation and sound pro-
duction depend critically on the functional integration of somatosensory
input. For example, mucosal mechanoreceptors in the larynx contribute
substantially to sustained vocal fold oscillations by coordinating sub-glottal
air pressure and intrinsic laryngeal muscular tension via a reflexogenic control
system (Wyke 1974a,b; Titze and Hunter 2004; Gozaine and Clark 2005).
The repeated coupling of successful motor commands and corresponding
kinesthetic sensations eventually generates stable somatosensory-motor map-
pings that provide reliable information for meeting the precision requirement
of vocal production even in the absence of audition (Nasir and Ostry 2008).
With respect to vocal motor learning, singing represents a particularly useful
model for exploring experience-dependent differences in the neural control of
vocalization. Compared to speech, music provides a clearly predefined set
of tonal and rhythmical relationships that necessitate the development of
a more fine-grained motor concept and corresponding vocal motor control
(Natke et al. 2003; Zatorre and Baum 2012). In line with this, trained singers
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were found to show superior pitch matching skills compared to non-singers
(Hutchins and Peretz 2012; Kleber et al. 2013), a difference that may be
related to training induced facilitation of somatosensory-motor interactions.
Recent neuroimaging studies have repeatedly found increased activation in
laryngeal somatosensory and insular cortex as a function of experience in
singing (Zarate and Zatorre 2008; Kleber et al. 2010, 2013). These results
correspond with behavioral data suggesting that somatosensory feedback
continuously contributes to vocal pitch-matching accuracy, even after an
extended period of vocal training, whereas auditory feedback did not (Mu¨rbe
et al. 2002, 2004). Conversely, pitch discrimination training in non-singers
did not lead to improvement in pitch accuracy (Zarate et al. 2010), despite
improved perceptual skills (Zatorre et al. 2012).
Taken together, these data point towards a stronger role of somatosensory
feedback in vocal motor control, yet they do not allow assumptions regarding
causal relationships. Therefore, I applied repetitive transcranial magnetic
stimulation (rTMS) to right ventral (i.e. laryngeal) primary somatosen-
sory cortex in order to assess causal effects on singing accuracy in a pitch-
reproduction paradigm with non-singers. I used intermittent and continuous
theta burst stimulation (iTBS and cTBS). iTBS is a TMS protocol that has
shown to facilitate neural processing in both motor (Huang et al. 2005) and
somatosensory cortices (Ragert et al. 2008; Morley et al. 2007; Katayama and
Rothwell 2007), while cTBS has shown the opposite effect (Conte et al. 2012;
Rai et al. 2012). Based on the role of somatosensation in experienced singers,
I expected that during normal (i.e. unperturbed) auditory perception iTBS
to the right S1 larynx area would enhance pitch accuracy and stability in
non-singers, while cTBS would impair performance. As non-singers may
not yet use somatosensation based pitch control strategies, I additionally
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masked participants hearing with pink noise during singing in the subsequent
second iTBS experiment. Therefore, I proposed that positive effects of iTBS
on pitch accuracy and stability may be enhanced in the masking compared
to the normal singing condition. However, under both conditions, I expect
subjects to have improved pitch reproduction performance after stimulation





In the following chapter the basic anatomy and physiology of the human voice
is described in detail. Starting with the anatomical features of the laryngeal
system and moving towards the functional principles sound production. Later
the neuroanatomical basis for vocal motor control and its feedback mechanism
are reviewed before finally giving a short overview about neuroscientific and
behavioral research of the vocal motor control and its sensory feedback
systems.
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10 The Human Voice
2.1 Anatomy of the larynx
The larynx, which comprises the main source of vocal sound production is
situated inferior to the root of the tongue and superior to the trachea. It
is comprised of five cartilages (thyriod, cricoid, epiglottis, arytenoid and
corniculate) and a range of external and internal laryngeal muscles, connecting
cartilages with each other (internal) as well as to outer structures (external).
antero-lateral view posterior view
Figure 2.1: Antero-lateral and posterior view of the larynx with its differ-
ent cartilages and ligaments. [Source: Gray (1918), accessed online via
http://www.bartleby.com/107: 02.07.2013]
Figure 2.1 shows the antero-lateral and the posterior view in the larynx
describing the different cartilages and ligaments while figure 2.2 shows
the intrinsic and extrinsic laryngeal muscles and how they connect to the
cartilages. The posterior cricoarytenoid muscle (PCA) is the only intrinsic
The Human Voice 11
abductor muscle within the larynx and can open the glottis, while the lateral
cricoarytenoid (LCA), the interarytenoid (IA) and the thyroarytenoid (TA)
are adductor muscles involved in vocal fold closing. The cricothyronoid (CT)
can stretch the vocal folds while moving the cricoid towards the thyroid.
As the intrinsic laryngeal muscles connect the different laryngeal cartilages
with each other, the extrinsic laryngeal muscles connect the larynx with
external structures (e.g. the hyoid bone, sternum, pharynx). There are five
external laryngeal muscles, but only the thyrohoid, the stenothyroid and the
stenohyoid play an important role in the process of vocalization.
above view posterior view
Figure 2.2: The different intrinsic laryngeal muscles are shown and how they are con-
nected to the cartilages. CT = cricoarytenoid muscle, TA = thyroarytenoid muscle,
IA = interarytenoid muscle, PCA = posterior cricoarytenoid, LCA = lateral cricoary-
tenoid. [Source: Gray (1918), accessed online via http://www.bartleby.com/107:
13.04.2015]
They can alter the position of the larynx and therefore also influence the
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tension of the vocal folds (Simonyan and Horwitz 2011), but mainly have
the function to stabilize the larynx while the internal laryngeal muscles are
active (Ju¨rgens 2002). The external laryngeal muscles are innervated by
branches of the ansa cervicalis profunda which arises from the ventral horn
of C1-2.
above view posterior view
Figure 2.3: The different intrinsic laryngeal muscles are shown and how they are con-
nected to the cartilages. CT = cricoarytenoid muscle, TA = thyroarytenoid muscle,
IA = interarytenoid muscle, PCA = posterior cricoarytenoid, LCA = lateral cricoary-
tenoid. [Source: Gray (1918), accessed online via http://www.bartleby.com/107:
13.04.2015]
In the antero-lateral view of figure 2.1 one can see, that the internal branch
of the superior laryngeal nerve (SLN) is entering the larynx supero-poterior
to the superior laryngeal artery. The smaller external branch is not shown
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in this picture. Besides the internal and external branch of the SLN, the
recurrent laryngeal nerve (RLN) is the second nerve innervating the intrinsic
laryngeal muscles and the mucous membranes of the vocal chords (see fig-
ure 2.1). Both nerve fibres (SLN and RLN) are bilateral branches from the
vagus nerve (cranial nerve X).
The superior laryngeal nerve arises from the ganglion inferius and is descend-
ing along the pharynx before arborizing into the internal and external branch.
The internal SLN is the principal sensory nerve that carries fibers from
laryngeal chemo- and mechanoreceptors superior of the glottis (Trepel 2008;
Sulica 2004). The external SLN therefore innervates the cricothyroid muscle
(CT), which is the only tensor muscle of the larynx influencing intonation by
tilting the inferior part of the thyroid outwards (see 2.2).
The course of the recurrent laryngeal nerve is different to each side of the
body. Both nerve fibres leave the vagus nerve shortly after entering the
thorax and continue descending. The right RLN turns left below the bow of
the aorta, while the right RLN turns below the subclavian artery. Finally,
both return between trachea and oesophagus back to the larynx. The RLN
innervates all internal laryngeal muscles, thyroarytoid (TA), lateral and
posterior cricoarythenoid (LCA, PCA), interarythenoid (IA), apart from
the m. cricothyroidus (which is innervated by the external SLN). Moreover,
the RLN transports afferent sensory information from the laryngeal mucous
membrane below the glottis (Sanders et al. 1993; Trepel 2008; Simonyan and
Horwitz 2011; Ju¨rgens 2002).
Within the five intrinsic muscles, the thyroarytenoid (see figure 2.2 and
figure 2.3), also known as vocalis muscle or vocal fold, plays a special role.
It is the high frequency vibration of these two muscles which makes vocal
utterances possible. For this reason, it is covered by a mucosa which contains
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a large number of corpuscular mechanoreceptors, plexiform and free unmyeli-
nated nerve endings (Adzaku and Wyke 1979), which makes the precise
control of vibration possible. At the peripheral level, vocal fold muscular
control is sub-served by a somatosensory reflexogenic system that integrates
signals from those receptors and nerve endings to adjust vocal fold tension
(Wyke 1974a,b; Sanders et al. 1998). Phylogenetically, the primary function
of the vocal folds was to protect the airways. However, the distinctive and
comprehensive amount of sensory information, relayed via brain stem nuclei
and the thalamus to insular, somatosensory and motor cortices, makes a
precise control for speech an singing possible. Especially, as some of these
receptors react directly and frequency specific to vocal fold vibration, up to
a frequency of 600 Hz (Davis and Nail 1987). Noteworthy, this information
is based on animal research it is not clear if it is one to one transferable to
the human. Nevertheless, receptors detecting vibration frequencies up to 600
Hz would cover the whole range (60 - 500 Hz ) of fundamental frequency (F0)
necessary for speech (Traunmu¨ller and Eriksson 1994; Standring et al. 2005).
Physically, a stretch or increased tension in the vocal folds will results in a
higher pitch to be produced when singing or speaking. Moreover, a change
of the larynx position also results in a different formant structure of vocal
utterances (Sundberg 1974).
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2.2 Principles of vocal sound production
Apart from the laryngeal muscular and nervous system, there are two further
’components’ important for vocal production:
1. A sub-laryngeal or respiratory component which includes the abdominal
and thoracic muscles for creating a pressure in the lungs producing an
air-stream through the larynx.
2. A supra-laryngeal component including lip muscles, jaw muscles, velum,
and tongue muscles. They are modulating the air pressure waves created
by the vocal folds by influencing the resonances.
These components and their muscles and nervous innervations are not ex-
plained in detail here, but a review can be found in Sundberg (1977) and
Ju¨rges (2002). However, in the following part their role in the production of
vocal sounds is described.
The production of vocal sounds involves three physiological distinctive func-
tions, which can be divided into power source, oscillator and resonator
(Sundberg 1977). As power source functions a system of air pressure mod-
ulating muscles, organs and cartilages, while the oscillating or resonating
system is reduced to the larynx and its muscles. The sound is finally shaped
by a resonating and modulating system including for example the tongue and
the oral cavity (see figure 2.4). Below the functions and the corresponding
physiological elements are explained in detail.
1. Lungs (power source): The volume lungs can be compressed or extended
through the contraction of the diaphragm and the intercostal muscles.
The compressions leads to an pressure gradient between the lungs and
the outside. This pressure gradient subsequently leads to an airflow
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through the trachea and the larynx into the oral and nasal cavity.
Finally the airflow passes out through mouth (or nose). Therefore, the
lungs function as power source creating the airflow for the vibration of
the vocal folds.
2. Vocal folds (generator/oscillator): The vocal folds are located at the
base of the larynx. While completely open during breathing, they are
initially closed during vocal production. With increased air pressure
from the lungs, the vocal folds open for a short moment. The opening
leads to an air flow and therefore local decrease in pressure (Bernoulli
effect) in the larynx and the vocal folds close again. This process
is repeated again and again in a very high rate creating periodic
fluctuations in the air pressure. The peak to peak time of these pressure
variations is inversely proportional to the fundamental frequency of
the sound being produced by the air pressure changes. The vibration
rate of the vocal folds are determined by their tension influenced by
the intrinsic and extrinsic laryngeal muscles.
3. Oral and nasal cavities (resonator) and lips and tongue (modulator):
The nasal and and oral cavities act as resonator, amplifying the sound
waves generated by the vocal folds. Additionally, they function as a
acoustic filter with a specific frequency curve. This frequency curve
is created by the geometry of the cavities and mainly determine the
perceived character of a voice. Moreover, they also influence the so
called formants. Formants describe the frequency and bandwidth of
specific amplitude peaks in the spectrum of spoken sounds e.g. a vowel.
In voice research typically the first and second formant (f1 and f2) are
used. Their relationship is specific for each vowel but different (in a
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certain range) for each person and a result of the natural resonance
behaviour of the vocal tract (Juslin and Scherer 2008). However,
oral and nasal cavities are fixed and have a low influence in actively
modulating the formants, despite lips and tongue. They are necessary
to generate different vowels and consonants and therefore actively
influence the formant structure compared to the oral and nasal cavities
which have a mainly passive influence (due to the size and shape).
Figure 2.4: shows the mid-sagittal view of the front head and the neck. It depicts
the position of relevant muscles, cavities and structures involved in vocal production.
Images has been taken from Sundberg (1977).
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2.3 Neuroanatomy of the vocal motor control and
feedback system
The anatomical structures involved in vocal motor control can generally
be divided into three subsystems (Simonyan and Horwitz 2011). These
subsystems are hierarchical organised due to their phylogenetic development.
For this reason, the lowest subsystem is located in the brain stem and is
mainly responsible for laryngeal motor control during innate vocalisation. It
includes the reticular formation and several phonatory and sensory nuclei.
The second subsystem comprises the periaqueductal gray (PAG), the anterior
cingulate cortex (ACC) and several limbic structures (e.g. hypothalamus,
midline thalamus, amygdala, red nucleus and septum). It is involved in
the initiation of vocalisation and the control of voluntary emotional vocal
utterances.
The final and for humans most important vocal subsystem is the laryngeal
motor cortex (LMC)1, located at the ventral part of the primary motor
cortex. It is essential for any voluntary vocalisation. Within the LMC, the
organisation is topographical (Ro¨del et al. 2004). Lesions in these regions
prevent speech production in humans, but have only minor effect on the
vocalisation of monkeys (Ju¨rgens 2002). It underlines the importance of the
LMC in voluntary vocalisation and vocal learning. Interestingly, apart from
the IA, all intrinsic laryngeal muscles are innervated bilaterally (Simonyan
and Horwitz 2011). This means, that each hemisphere has direct connection
to both sides of the larynx building a backup system for unilateral cortical
damage (Ju¨rgens 2002). However, in animal studies electric stimulation to the
1Laryngeal motor cortex (LMC) is now further used throughout the thesis to identify
the region in the motor cortex which contains the representation of the laryngeal muscles
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LMC effected vocal utterances differently depending on the stimulation side
(Ju¨rgens and Zwirner 2000). This is supported by several studies underlining
the hemispheric asymmetry of the vocal motor control system. Lesions of
the left hemispheric LMC influence speech production more strongly than
singing and vice versa (Alcock et al. 2000; Riecker et al. 2000). These results
support the notion, that there is a functional specialisation of left and right
LMC (Simonyan et al. 2009). Nevertheless, the complexity of the human
motor control system for vocalization is hardly comparable with those of
even closely related mammals (Smotherman 2007).
Figure 2.5: The image depicts the three brain areas important for vocal motor
control and the resulting two distinct neural pathways. Image has been taken from
Simonyan and Horwitz (2011).
Finally, the above described three subsystems result in two distinct vocal
motor control pathways. An ACC-PAG path and the direct LMC pathway
to the reticular formation (see figure 2.5). In the first pathway, the PAG
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functions as an important relay, which is essential in eliciting vocal utterances
from the ACC, while deactivation of the ACC can still relate in vocalisation
initiated by the reticular formation (Ju¨rgens 2002). The second pathway
runs directly from the LMC to the reticular formation (Hannig and Ju¨rgens
2006) and is essential in learning and execution of fine vocal motor control
(Simonyan and Horwitz 2011).
However, motor-learning always involves sensory feedback mechanism to
precisely calibrate motor sequences for prospective actions. In vocal pro-
duction, like speech or singing, which are one of the most complex human
motor behaviours, learning requires the highly precise feedback of timing
of respiratory, laryngeal, and articulatory muscle groups and simultaneous
integration of multi-modal sensory information (Titze 1993; Ludlow 2005;
Kleber et al. 2013). It is known, that dynamic coordination of these sub-
systems for verbal communication develops over a protracted time period,
in which oral motor patterns become consistent only around the age of 14
(Smith and Zelaznik 2004; Smith 2006).
In trained singers, for example, the somatosensory-motor loop contributes
increasingly to pitch accuracy with developing singing expertise (Mu¨rbe
et al. 2004). This behavioural effect is in line with recent neuroimaging data,
suggesting that a) experience in classical singing predicts cortical activation
of areas processing somatosensory information from the larynx, and b) that
enhanced pitch accuracy of professional singers is related to increased control
of areas related to somatosensory feedback integration (Kleber et al. 2010,
2013). Based on theories from neural networks of speech acquisition, only in
early stages of development the acoustical feedback is the dominant modality
for sensorimotor speech learning and control (Tian and Poeppel 2010; Hickok
et al. 2011; Houde and Nagarajan 2011; Guenther and Vladusich 2012). A
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precise relationship between motor activity and acoustical consequence is
learned until a stage is reached where almost no acoustical error in speech
production occurs any more (Smith and Zelaznik 2004). Taken together,
vocal production in speech and music is one of the most complex human
motor behaviours and requires the highly accurate timing of several muscle
groups and the continuous integration of multi-sensory information (Titze
1993; Ludlow 2005; Kleber et al. 2013). It is known that these systems
develop in a specific time frame, reaching a ceiling level in the beginning of
the teenage (Smith and Zelaznik 2004; Smith 2006). However, this might
only be true for speech production, yet there is no research supporting this
view for singing which involves a more accurate control of pitch. Possibly,
pitch-control in speech reaches a ceiling, as demands are low compared to
singing and therefore acoustical feedback is no longer needed for precise
control of speech intonation.
Pitch, which is the fundamental vibration frequency of the vocal folds, is one
of the perceptually most salient features of vocal production. It depends on
the ability to control vocal fold tension (via intrinsic and extrinsic laryngeal
muscles) and the release of air-pressure from the lungs (Titze 1993). Pitch
sub-serves the production of continuous intonation contours in speech, which
follow relative frequency relationships. In addition, in musical melodies it
follows clearly prescribed interval relationships. This difference exhibits the
specific demands of a control system for singing.
In music, even small deviations from target pitches will be perceived as
errors by listeners and thus require higher accuracy in vocal motor control
and sensory feedback integration for singing (Natke et al. 2003; Zatorre and
Baum 2012). Singing errors are predominantly related to inaccuracies in
pitch production (Dalla Bella et al. 2007). About 50 % of untrained singers
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fail to match a target pitch to within half a semitone (equalling 50 cents
pitch deviation) on half of their attempts whereas trained singers match
pitches at significantly higher levels of accuracy (Hutchins and Peretz 2011,
2012).
The importance of auditory feedback for vocal pitch control has been stud-
ied extensively, mostly by examining compensatory responses to auditory
perturbations, such as a pitch-shifting reflex in the opposite direction to
change in voice feedback (Jones and Munhall 2000; Burnett and Larson 2002;
Zarate and Zatorre 2008) or the decreased pitch-stability and accuracy when
auditory feedback was masked by noise (Ternstrom et al. 1988; Mu¨rbe et al.
2002). Yet auditory feedback is not the only way to control pitch (Amir et al.
2003; Zarate et al. 2010) but somatosensory feedback may also contribute
significantly to vocal motor control (Lametti et al. 2012).
At the peripheral level, vocal fold muscular control is subserved by a so-
matosensory reflexogenic system that integrates signals from layngeal myotac-
tic mechanoreceptors to adjust vocal fold tension (Wyke 1974a,b; Sanders
et al. 1998). These signals are then relayed via brain stem nuclei and the
thalamus to insular and somatosensory cortices respectively, where acoustic
goals become associated with kinesthetic representations of accurate motor
commands (Ju¨rgens 2002; Guenther and Vladusich 2012; Hickok 2012). Stud-
ies have shown that somatosensory feedback alone provides already sufficient
information to produce precise vocal tract movements (Tremblay et al. 2003;
Nasir and Ostry 2006, 2008; Lametti et al. 2012).
Overall, results from neuroscientific and behavioral studies point towards
a model which underlines the importance of auditory and somatosensory
feedback mechanism for precise vocal utterances. However, it might be,
that the importance of each feedback channel (auditory or somatosensory)
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changes with training. While in speech, the literature suggests a decrease
in significance of the auditory feedback around a certain age (Smith and
Zelaznik 2004), there is no study supporting this for pitch control in singing.
Moreover, in singing auditory feedback only looses importance after a long
time of professional training (Kleber et al. 2010; Mu¨rbe et al. 2004).
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CHAPTER 3
TMS - Transcranial Magnetic Stimulation
Transcranial magnetic stimulation is a non-invasive brain stimulation tech-
nique using rapidly changing magnetic fields to induce electrical currents in
the cerebral cortex. These currents can elicit direct neural activation in a
circumscribed area. The altered neural activation can than be measured in
behavioural or neurophysiological tests. Over the last years a large number
of stimulation types have been developed, depending on the effects to be
achieved. Below, the history, principle mechanisms and more advanced
technical details are explained, finishing with the stimulation protocols used
in my experiments and their specific effects.
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3.1 History
The history of transcranial brain stimulation goes back to the end of the
19th century. D’Arsonval (around 1896) placed subjects whole head in a
rapidly changing magnetic field (110 V, 30A, 42 Hz), reporting phosphenes,
vertigo and even syncopes. Further, rather simple experiments with exposure
to changing magnetic fields have also been continued by Thompson and
Dunlap (both around 1910/11). However, these were very basic attempts
in influencing the neuronal activity of the brain. They could certainly not
distinguish between effects on different areas in the brain or even influence on
peripheral nerves or the vestibular system. (Barker and Freeston 2007). The
introduction of the modern TMS machine, the way we use it today, goes back
to 1985 on Barker and colleagues (Barker et al. 1985; Hess 2007) at Sheffield
University. They developed the first portable stimulation system which was
able to evoke specific responses from circumscribed cortical areas. This made
it possible to test almost painless the functions of different cortical regions.
It opened an interesting possibility to causally investigate brain functions.
Moreover, it was a painless alternative to methods like electroconvulsive
stimulation (Hess 2007). Today, TMS is widely used in experimental and
clinical research.
3.2 Physics of TMS
Transcranial magnetic stimulation builds on the simple principles of electro-
magnetic induction. This means, every electric current is inducing a magnetic
field. If the strength of the electric current changes than the induced mag-
netic field strength changes too. On the other hand, a changing magnetic
field induces an electrical current in materials having freely moving electrons
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or ions. This bidirectional principle is in details described by Maxwell’s
equations and Faraday’s law (Sto¨cker 2004).
In a TMS coil, an increasing and a decreasing, strong electric current flows
circular through the coils and therefore induces a changing magnetic field
around the coil. The magnetic field, which is induced by the electric current
can be described by the Biot-Savart law (see equation 3.1). Its strength
depends on the amount of current flowing through the coils and the distance










The magnetic field is not static but rapidly changing while the current flow
in the coil is not steady. Figure 3.1 (a) shows the magnetic field and the
corresponding electric field. The figure displays a mono-phasic pulse. A
mono-phasic pulse has a current flow only in one direction (for details see
below). Equation 3.2 demonstrates, how a changing magnetic field leads to
a electric field gradient. This gradient ultimately leads to an ion flow in the
brain perpendicular to the direction of the magnetic field vector, creating a
depolarisation of neurons.
∆× E = −δB
δt
(3.2)
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(a) (b)
Figure 3.1: Image (a) shows how the current flowing in the coils relates to the
created magnetic field of a single pulse. Diagram (b) depicts schematically the
circuit of simple TMS system. Both images are taken from Barker and Freeston
(2007)
Pulse types
The most simple form of magnetic stimulation is done by a mono-phasic
single pulse as shown in figure 3.1 (a). In this case, the saved current
from the capacitor flows only once through the coil before it is finally
dissipated by a resistor and a diode. A mono-phasic pulse has a specific
wave with only one peak. The advantage is, that effects caused by the
pulse are more easily explained (Barker and Freeston 2007). However, most
modern TMS stimulators, e.g. the Magstim Rapid2 used in my studies,
typically use biphasic stimulation pulses. They are even more efficient as
they ’recycle’ a part of the energy which than flows in the opposite direction.
This allows faster pulse frequencies, which is especially important for fast
repetitive stimulation protocols like theta burst stimulation (TBS). Further,
overheating is less problematic with a biphasic stimulator as the remaining
current after a pulse has not to be dissipated by a resistor. Nevertheless,
biphasic stimulation has the drawback of having a current flow in both
directions which comes with the cost of effects being harder to interpret
(Siebner and Ziemann 2007).
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3.3 Figure-of-eight coil and neuro-navigation
There are two different kinds of coils commonly used in TMS research. On
the one hand, a simple round coil which has a broader circular area stim-
ulating in the cortex and on the other hand the figure-of-eight coil. The
latter one has the advantage of having a steep field gradient with one focal
field maximum (see figure 3.2). The idea of the figure-of-eight has first been
described by Ueno et al. (1988). The focality of the figure-of-eight coil makes
it especially useful if only a circumscribed area should be stimulated. This is
of general interest for testing a specific function of a cortical area as mostly
done in research (Weyh and Siebner 2007).
Figure 3.2: The two most common types of TMS coils and the electric field they
induce. (Left) A round coil and (right) a figure-of-eight coil. Figure has been
adapted from Weyh and Siebner (2007).
30 TMS - Transcranial Magnetic Stimulation
In my studies I used a Magstim figure-of-eight coil (The Magstim Company
Limited, UK) with a diameter of 70 mm, similar to the one shown on the
right in figure 3.2. While this coil ensures a focal stimulation area, I further
needed to guarantee to stimulate on the right cortical area. Therefore, I
used a stereotactic neuro-navigation system from Localite (Localite GmbH,
Germany). This system uses MRI based structural images and a three-
dimensional camera system to identify the exact position of the brain in the
head. Together with optical reference marker on the head and on the coil it
is possible to target a specific point in space, e.g. in the brain. The basic
elements of the system are depicted in figure 3.3. A detailed description of
the system can be found in Herwig and Scho¨nfeldt-Lecuona (2007).
Figure 3.3: Elements involved in the usage of a neuro-navigation system. (1) The
stereotactic camera, (2) reference marker for the coil, (3) head marker with tape, (4)
registration pointer. Figure had been adapted from Herwig and Scho¨nfeldt-Lecuona
(2007).
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3.4 Measuring motor threshold
To define the output intensity of the TMS system it has become a standard
procedure to determine the motor threshold of a peripheral muscle, e.g. the
first dorsal interosseous (FDI) or the abductor digiti minimi (ADM). This
threshold is later used as a reference for the stimulation intensity applied
over the cortical area to investigate. One can measure the threshold either
with relaxed muscle (passiv motor threshold) or with the muscle contracted
to about 10 - 20 % maximum strength (active motor threshold) (Kaelin-Lang
2007). The motor threshold (MT) is defined as the minimum stimulation
intensity which is sufficient to receive a motor evoked response (MEP) in
5 out of 10 trials. Additionally, the muscle derived potential must be in
the range of 100µV or above (Rossini et al. 1994; Rothwell et al. 1999). In
the following the standard procedure, which has been used to determine the
active motor threshold for the first experiment, will be described. It is based
on a detailed description by (Kaelin-Lang 2007; Kaelin-Lang and Cohen
2000) as well as on personal correspondence with experienced colleagues in
the field (Thielscher, Andoh).
(a) Placing the electrodes using the ’belly tendon montage’: One
starts in placing two electrodes on the chosen muscles. One electrode has
to be placed on the belly of the muscle, while the second is placed at the
end of the muscle close to the tendon. I took the FDI for deriving the
muscle potentials as it is easy accessible and widely used in TMS research
for the determination of the MT. Before placing the electrodes, the skin
had been cleaned to optimise conduction. I used the ’Electrode Prep Pad’
32 TMS - Transcranial Magnetic Stimulation
(PDI, Canada) with 70 % isopropyl alcohol. A third electrode is used
as a reference which has been placed on the collar bone, contra-lateral
to the side the TMS stimulation is applied. I used self-adhesive ECG
electrodes (Tyco Healthcare, Germany) with 24 mm diameter.
(b) Visualization of signals: Once the placement is done, electrodes had
been connected via a signal amplifier to the computer to make the muscle
potential visible using the BrainVision software (Brain Products, Ger-
many). To receive a good signal, a 10 Hz high-pass filter and a 2000
Hz low-pass filter were used, as well as a 50 Hz notch filter, to remove
possible influences from the power line. I chose a sampling rate of 5
kHz to certainly overcome problem of sub-sampling as described by the
Nyquist theorem (Sto¨cker 2004).
(c) Determination of hot spot: To determine the region, which is closest
to the cortical representation, of the muscle to be stimulated, a try
and error approach had been used. The TMS coils had been placed
perpendicular to the pre-central gyrus. This means that the induced
current direction was 90 degrees to the spatial pathway of the gyrus
(Thielscher et al. 2010). As starting point I chose a spot about 5 cm
dorsal to the cross-section of midline and the thought line between the
left an right mastoid bone. Before, I covered the head with a ’swim’ cap
which is overlaid with white tape on the interesting region. This gives
the possibility to later mark the optimal position for the coil. Stimulator
output was set to 60 % MSO for determination of the hot spot.
TMS - Transcranial Magnetic Stimulation 33
(d) Determination of threshold: After the best coil position is found
the next step is to lower the stimulator output until only 5 out of 10
stimulus pulses produce a MEP with at least 100 µV. If this point was
reached one starts a few percent lower this point and raises the output
level until again 5 out of 10 stimuli produce MEPs. Importantly one
has to keep a time interval of at least 5 seconds between each pulse to
achieve a complete relaxation of the cortical potential to a normal level
(Kiers et al. 1993). Therefore, the inter-stimulus-interval has been varied
between 5 to 8 s (Kaelin-Lang and Cohen 2000).
For TBS stimulation it is common to use 80 % of the stimulation output of
the threshold found for the active MT (Lang and Siebner 2007). The AMT
is, due to the pre-tension of the muscle, significant lower than the resting
MT. In recent publications (Kalla et al. 2009; Leveque et al. 2013) a more
time effective way to establish a stimulation threshold had been presented.
These studies demonstrate, that 40 % of maximum simulator output (MSO)
is a reasonable guideline for a stimulation threshold. This is in line with
findings from my first study, where I found a mean of 41.4 % MSO for the
80 % AMT with a range of 38 % to 46 % MSO. Therefore, a MSO of 40 %
seems to be a good guideline and in most of the cases threshold was even
slightly below the 80 % AMT in my results.
Another critical point in using the MT for defining the strength of the
stimulation output is the a priori justification of the transferability into other
cortical regions (Castro-Alamancos et al. 1995; Tsang et al. 2014). There is
no clear reason for using a motor cortex related threshold for example in the
sensory cortex. Based on these arguments I used the 80 % AMT only in the
first experiment and decided the used the fixed 40 % MSO in experiment 2.
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3.5 TBS - Theta burst stimulation protocols
I used the theta burst stimulation (TBS) protocols to alter processing of the
larynx area in primary somatosensory cortex. TBS stimulation protocols
have been established by Huang and colleagues (2005) and became a popular
tool, that allows off-line investigations, because they have long lasting effects
and short stimulation time. This can be especially helpful if the task would
make subsequent and precise targeting for stimulation impossible, like in
the case in my experiment, where stimulation during singing would lead to
facial muscle artefacts and therefore bias the task. Moreover, small head
movements during singing would make it necessary to re-target the exact spot
of stimulation each time, which is probably unlikely to achieve. Constriction
of the head would be a solution, but lead to an biased singing performance.
Theta burst stimulation is based on LTP and LTD induction protocols used
in animal research (Larson and Lynch 1986). It contains of 50 Hz triple
pulse bursts every 200 ms. Therefore, the burst repetition frequency is 5 Hz,
which is in the range of the theta band (4 - 7 Hz) and gives the name to the
protocol.
There are different forms of TBS. The intermittent form of theta burst
stimulation (iTBS) leads to long lasting and long term potentiation (LTP)
like effects, while continuous theta burst stimulation (cTBS) leads to long
term depression (LTD). For example, Huang et al. (2005) demonstrated that
cTBS leads to decreased MEP amplitude, while iTBS increased amplitudes.
Both effects have been shown to be NMDA receptor dependent Huang et al.
(2007). As NMDA receptor are important for learning (Riedel et al. 2003),
TBS induced plasticity might reflect short-term learning like effects.
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(a) Different forms of TBS stimula-
tions protocols (b) rTMS protocols and their effects
Figure 3.4: (a) Figurative sequence of three forms of TBS. (b) Effects of different
TBS protocols on MEP amplitudes - difference between pre and post TBS. Figures
have been adapted from Lang and Siebner (2007).1
More recently, several studies started investigating effects of TBS on primary
somatosensory areas. Ragert et al. (2008) demonstrated successfully, that
iTBS on the primary somatosensory representation of the index finger leads
to improved two-point discrimination thresholds. The effect was equivalent
to the one shown by Tegenthoff et al. (2005), using 5 Hz repetitive TMS with
a similar paradigm. Morley and colleagues (2007), for example, deployed
vibrotactile stimuli while using TMS to alter S1 functions, illustrating a
decrease in discrimination threshold after iTBS stimulation. Additionally,
Katayama and Rothwell (2007) showed that iTBS can alter in somatosensory
evoked potentials (SEPs).
On the other hand, continuous theta burst stimulation (cTBS) leads to
decreased temporal and spatial tactile acuity after stimulation over the hand
area of the primary somatosensory cortex (Conte et al. 2012; Rai et al.
2012). Nevertheless, effects of theta burst stimulation are controversially
discussed and might not always be consistent. For example, Hamada et al.
(2012) demonstrated, that a cTBS protocol can have different effects even
1Captions of Figure 3.4 are in German. (a) kTBS is equivalent to cTBS. (b) x-axis:
time after TBS administration, y-axis: changes in MEP amplitude.
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within the same setup and might be individually different. Nevertheless, it is
questionable if the results can be transferred to other stimulation protocols
like iTBS or if this behaviour is specific for cTBS intervention. Furthermore,
a voluntary tonic activation of the target muscle shortly after cTBS (about 1
minute) leads to LTP instead of LTD like effects (Huang et al. 2007). An
adapted version of cTBS (30 Hz triple pulses with 6 Hz frequency) had
been proposed by Goldworthy and colleagues (2012) which seems to have a
stronger and more consistent effect.
Studies from animal research suggest that effects of theta burst stimulation
might reflect cytoarchitectonically differences in the cortex and be different
between granular and agranular areas, for example between M1 and S1
(Castro-Alamancos et al. 1995). Tsang et al. (2014) used a modulated cTBS
version (Goldsworthy et al. 2012) testing its effect on M1 and S1. They
measured MEP and short-latency afferent inhibition (SAI) and demonstrated
a opposite effects depending on the stimulation site. While cTBS on M1
decreased MEPs, it had no effect on SAI, while cTBS on S1 led to increased
MEPs and shortened SAI.
In conclusion, TBS stimulation has been successfully used in several studies
without reporting considerable problems. There is a growing amount of
studies demonstrating the effectiveness of TBS on S1. The short administering
time and the effective time range up to 20 minutes is a clear advantage. It
makes it possible to study TMS related effects off-line in a easy and effective
way. However, this comes with the cost of an incomplete understanding of
the cortical effects of TBS. Therefore, results have to be considered carefully.
CHAPTER 4
Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a modern and powerful non-invasive
imaging technique making it possible to record in vivo high resolution brain
images. With the beginning of the 1990s it has rapidly been developed to
standard tool in neuroscientific research. This chapter describes the basic
physical principles of MRI and the applied standard technique e.g. event
related sparse sampling design.
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4.1 History & Basic Principles
Today magnetic resonance imaging is broadly used in clinical diagnosis and
research. It allows to acquired high resolution structural images of internal
parts of the body, e.g. the brain. Moreover, it enables the mapping of
neural activation pattern onto those structural images. This is a non trivial
technical process based on changes in cerebral blood flow and proportion of
different types of haemoglobin.
It were Charles Roy and Charles Sherrington from Cambridge University, who
already in the 1930s experimentally showed that brain function is related to
cerebral blood flow. However, it took many more years to make it technically
feasible to measure blood flow experimentally in the brain. It were Ogawa an
colleagues (1990) who could demonstrate that changes in the concentration of
oxygenated (Hb) and deoxygenated (dHb) haemoglobin can be measured in
vivo using magnetic resonance imaging. Deoxyhaemoglobin is paramagnetic
and can therefore been used as natural contrast agent in MRI measurements.
Using a gradient-echo imaging technique they measured the blood oxygen
level dependent (BOLD). BOLD is a direct measure for the ratio of Hb and
dHb and in indirect measure of blood flow. So finally after about 60 years
things have come full circle.
With the spread of MRI scanners and technical advances in magnetic field
technology today it is possible to acquire brain activation even in real-
time. The advantage the BOLD signal acquisition using gradient echo is its
sensitivity which detects changes in neural activation between 0.5 % and 3 %
(Ogawa and Sung 2007). However, the spatial resolution is limited to a range
of a few millimetre, which makes it only possible to identify activity of large
neuronal ensembles. The largest drawback might be the very slow temporal
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resolution, as the signal is based on changes in the vascular system, which
is relatively slow (in the range of seconds). Therefore, it is easily possible
to distinct between several temporal clearly separated events, but makes it
harder to study the timely dynamics of neural systems (Faro and Mohamed
2006).
4.2 Physics of fMRI
Magnetic resonance imaging makes use of the basic atomic properties called
spin. The spin is a quantum mechanic phenomenon which describes an
angular momentum. It can be conceptualised as the rotation of a proton
on a specific axis and is described by the spin number s and the angular
spin momentum S. It is a vector with a specific direction and value (length).
This characteristic creates what one can measure as magnetic dipole moment
(Faro and Mohamed 2006).
s = n/2 (4.1)










where h is the Planck constant
Magnetic resonance imaging (MRI)
The angle of the spin can be influenced by applying an external magnetic
field. This is the case inside an MRI scanner, which has a static magnetic
field with a typical strength between 1.5 and 3 Tesla. Inside this field, the
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spin direction aligns with the magnetic field lines leading to a homogeneous
spin direction for all atoms. The alignment can than be either parallel
or anti-parallel to the outer magnetic field. In reality, there is no exact
50:50 ratio in the split of parallel and anti-parallel alignment, but always a
slight surplus of parallel aligned spins, which is energetic more efficient. The
alignment also depends on other external factors like body temperature and
magnetic field strength of the scanner and is in the range of 6 to 1.000.000.
Although this surplus is relatively low, the large amount of protons, for
example in hydrogen atoms, leads to strong enough magnetisation within a
specific volume element (voxel).
If one now applies an electro-magnetic (radio) pulse to the protons it will
lead to a short displacement of the spin orientation. Returning back to the
alignment direction, forced by the outer magnetic field, all protons precess
along the longitudinal axis back to the parallel or anti-parallel orientation.
This excitation is only possible with a specific radio-frequency called Larmor
frequency, which is given by the magnetic field strength B and the properties
of the molecule γ (see: Faro and Mohamed (2006); Sto¨cker (2004); Weißhaupt





where B is the magnetic field strength and γ a molecule specific constant.
The Lamor frequency is specific for each molecule. This means, the strongest
excitation is elicit with the molecule specific radio frequency. Different fre-
quencies have only a low or no impact on the atomic spin. While the molecule
returns to the optimal energy state, e.g. in alignment with the out magnetic
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field, it precess round emits energy in the form of radio wave. This radio
waves can now be detected from coils with the MRI. For magnetic resonance
imaging it is of interest to measure the time from the point of maximum
excitation to the time point the spin has returned to a certain degree to the
low energy state. Those are called relaxation times. The time constant for the
longitudinal relaxation to reach the initial longitudinal alignment of the spins
along the B-field lines is T1 or spin-lattice relaxation time. For example, the
relaxation time T1 is defined as the point of maximum longitudinal excitation
to around 63 % while the time T2 represents a measure for the transversal
relaxation time. T1 is depending on the type of tissue and is between 300 ms
(fat) and 2000 ms (water). The transverse relaxation time T2 is much smaller
and usually around 30-150 ms. The time depends on the type of chemical
bonding of the hydrogen atom and is therefore different for each type of
tissue. The relaxation times play an important role in tomography since they
are different for each tissue type. In T1-weighted images, the structure of the
tissue is particularly well seen. Since the momentum of the protons is very
small, they are repeatedly excited and several measurements are averaged
(averaging using Fourier analysis). In this way the signal-to-noise ratio of
the image is improved. The result of several high-frequency pulses is called
sequence. The time between excitations is the repetition time (TR) the time
between excitation and signal acquisition is the echo time (TE).
The image contrast of different tissues depends on the tissue parameters (T1,
T2) and the sequence parameters (TR, TE). For example, a T1-weighted
sequence has a short TR and TE. Tissues with short T1 appear more white
(white matter, which contains fat), while tissues with a long T1 appear
darker (gray matter, which contains high amount of water). These kind
of sequences are mainly used to capture a high-resolution structural image
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of the brain/head. Images of that kind can be used as a later reference
for functional images, which are then overlaid to the T1-weighted image to
exactly identify for example neural activation in a region of interest. However,
they do not have to be overlaid with functional images, but also can be used
as stand-alone images. Then one can mark specific cortical landmarks, for
example for later TMS stimulation (see: Faro and Mohamed (2006); Dawson
and Lauterbur (2008); Weißhaupt et al. (2014); Ogawa and Sung (2007)).
Functional resonance imaging (fMRI)
So far, I have discussed the general mechanism of recording signals from
atom using magnetic resonance imaging. However, to make interference
about the changes in neural activation this previously explained technique
has to be adapted. To track neural activation, fMRI measurements rely on
the BOLD (blood oxygen level dependent). For this reason, I am coming
back to the role of oxy- and deoxyhaemoglobin. In case of haemoglobin, the
spin differs if it is oxygenated (s = 0) having paramagnetic properties or
deoxygenated (s = 2) having diamagnetic properties (Pauling and Coryell
1936). This is useful as neural activation leads to local changes in the ratio of
oxy- and deoxyhaemoglobin. With each form of haemoglobin having different
magnetic features, it is now possible to track these changes in the ratio
of both. This ratio is best identified using the T2* relaxation time. T2*
is a measure of magnetic field homogeneity and depends on the presence
of deoxyhaemoglobin (Faro and Mohamed 2006; Ogawa and Sung 2007).
However, not only the strength of the change in the homogeneity has to
be captured, but also the exact spot where this change happens. For this
reason, three additional magnetic gradient fields have to be used. While the
static MRI magnetic field is homogeneous in the centre of the scanner, a
gradient field can slightly change the field strength. As we have seen before
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4.3, the Lamor frequency depends of the magnetic field strength. Having a
gradient field in z-direction 1 only a specific plane inside the field will respond
to the excitation pulse. Since we now have chosen a single plane we need
two more spacial information to separate the brain into defined voxels. For
this reason another gradient field is applied in y-direction shortly after the
excitation of the spins. This leads to a gradient in the Lamor frequency from
top to bottom and subsequently to a phase difference. Lastly, a gradient i
x-direction is applied and lead to a frequency difference from left to right
or vice versa. The data recorded with the head coil generate a data matrix
called the k-space which represents the phase- and frequency distribution
in 2-dimensional space. Only after applying a Fourier transformation the
original brain data is recovered (see Siemens (2003); Weißhaupt et al. (2014)).
4.3 Experimental designs - sparse sampling
In neuroscientific research basic fMRI paradigms have been established as
standard procedure. In the first experiment I have used the so called sparse
sampling design. The sparse sampling design, which only acquires brain data
at certain defined time points after a specific task, can avoid interferences of
scanner noise with the task. This is especially useful in tasks that include
auditory stimulation or production of vocal utterances as auditory stimulation
leads to unwanted brain activation and movement during the scanning leads
to movement artefact of the acquired image data. However, as there is less
data acquired, it goes along with a cost in statistical power and therefore
one might need more trials in an experiment to gather statistical meaningful
1In a thought 3-dimensional orthogonal grid inside the scanner the z-direction is in line
with the static magnetic field (front to back), while x is left to right and y is up and down.
The intersection of all three point is in the centre of the scanner.
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data (Lazar 2008).
I decided to use the sparse sampling technique in the localiser task to reduced
task-related and -unrelated movement artefacts. The technique was based
on those used in previous studies by Kleber and colleagues (2007, 2010).
The paradigm consisted of one block with 72 volumes (whole head scans),
acquired by a 3 Tesla whole body Scanner (Magnetom Tim Trio, Siemens,
Germany) employing echo planar imaging (EPI, echo time [TE]: 30 ms,
repetition time [TR]: 10 s, acquisition time [TA]: 3s, 40 transversal slices, 3.4
mm thickness, no gap).
Figure 4.1: Schematic display of the fMRI design deployed. Green circle indicate
singing trial and red circle rest trial. Paradigm had been adapted from Kleber et al.
(2010).
Subjects received visual cues (see figure 4.1) indicating them either to sing
the steady vowel /a/ in a comfortable pitch (green circled) or to exhale
without sound production (red circled). It is important to acquire the brain
data at the point of maximum BOLD response, as the TA of 2.2 seconds is
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relatively short in respect to a TR of 10 s. The maximum BOLD response
can be expected about 3 s to 5 s after task onset (Faro and Mohamed 2006;
Ogawa and Sung 2007). Therefore, the start of fMRI data acquisition was
varied between 3.5 seconds and 5 seconds after singing onset to grasp a larger
timespan and efficiently cover the maximum BOLD response.
4.4 Data analysis procedure
The analysis of fMRI data comprises a series of steps to pre-process the
recorded data and finally to identify regions with task-specific activation.
These steps are the realignment and co-registration of the time-series being
recorded during the scan. In this step six movement regressors (x, y, z, pitch,
roll, yaw), simultaneously recorded during the fMRI scan, are used to correct
for small movements the participant did during the scans. Further, each voxel
of each time-series is ’connected’ (co-registered) to voxels of a high resolution
structural T1-weighted image. This enables a later activation tracking to the
exact cortical area. For later group analysis, the next analysis step would
incorporate the so called spatial normalisation, which is a morphological
procedure to deform each subjects’ brain that it reflects most cosily a given
standard brain. However, this step was omitted in this case, as the analysed
brain data needed still to fit the subjects brain, for the TMS neuronavigation
procedure. Group results were not relevant as individual activation pattern
were only used for the exact TMS targeting of activation spots. Skipping
the normalisation, the next step is called smoothing. Here a gaussian kernel
of usually 6 mm (two times the image voxel size) is applied. Primarily this
improves the signal to noise ratio as neighbouring data points are average in
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signal intensity, while reducing the spatial resolution of the images.
With these steps, the spatial preprocessing is finished and is followed by
first-level statistical analysis. Here, the different experimental conditions
(singing, listening) are modelled and a general linear model is applied to
identify statistical differences between conditions within one subject (Penny
et al. 2011). Statistical difference can be seen as changes in neural acti-
vation and overlaid on a high-resolution anatomical scan as colour-coded
maps. Activation peaks can also been identified and their coordinates can
subsequently been used for precise targeting during an TMS experiment.
CHAPTER 5
Behavioral Testing and Statistics
In this chapter behavioural tests being used in the course of the study for
assessing pitch perception and pitch reproduction performance are explained
in more detail. Further, statistical procedures, especially how finally the
dependent variables had been extracted from the raw signal, are illustrated.
Lastly, standard and self developed questionnaires are described.
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5.1 Pitch discrimination task
All subjects underwent a pitch discrimination task to rule out that poor
pitch perception influences pitch reproduction accuracy. A two-tone forced
choice test had been used to estimate hearing thresholds. Subjects were
presented with two pure tones (250 ms duration, 600 ms gap between tones)
with a starting frequency difference of ∆f = 7 %. The lower standard tone
was fixed at 500 Hz while the order of both tones was randomized. ∆f
was adaptively changed using a two-down one-up rule, which tracks 70.7
% correct thresholds on the psychometric function (Levitt 1971). After
two consecutive correct responses ∆f was decreased and increased after one
incorrect responses by the factor β. Initially, β was set to 2 but changed to
1.25 after the second reversal. After 15 reversals the test was terminated.
The final threshold was calculated by the geometric mean of ∆f of the last
eight reversals. Participants were not included in the study when their
pitch perception cut-off exceeded a 2 % frequency discrimination difference,
which corresponds to a 35 cents interval (100 cents = 1 semitone). Typical
frequency discrimination thresholds are 0.86 % in healthy non-musicians and
0.13 % in trained musicians (Micheyl et al. 2006). The selected criterion
in the study thus guaranteed that participants’ perceptual thresholds were
at least 65 % lower than the smallest pitch interval used for singing in this
study1.
1The smallest interval used was one semitone, which corresponds to 100 cents which is
about 3 times the cut-off value.
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5.2 Pitch reproduction task
Primary goal of both experiments was to test changes in pitch reproduction
accuracy and stability due to TMS intervention. Therefore, subjects had
to perform a singing task. They were presented with a series of musical
intervals (consecutive tone pairs; 105 intervals in experiment 1; 60 intervals
in experiment 2). The total number of intervals was reduced, as 60 trials
provided sufficient statistical information to detect reliable differences in
pitch performance between sessions. Subjects had to reproduce the inter-
vals in singing on the syllable ’na’ or ’la’. Tones were played over Bose
QuiteComfort 15 noise cancelling headphones (Bose, Germany) and pitch
reproduction was recorded via head mounted microphones AKG C 477 WR
L/p (AKG, Austria) and a m-audio firewire audio system using custom
tailored presentation and recording script for the MAX/MSP software (’74
Cycling, USA).
Each pair of tones (900 ms duration for each tone, 200 ms gap between tones)
was followed by a period of 3 seconds in which subjects had to reproduce
the two tones. In experiment 2 this time period was filled with pink noise
which was played over the headphones. In this case, pink noise was set at
highest just tolerable level for each participant individually, to efficiently
mask subjects’ own voice.
The first tone always started at 311.11 Hz (D#4) for female subjects and
155.565 Hz (D#3) for male subjects, respectively. The second tone differed
between ± 9 semitones from the first tone. Target tones were complex
waves on the syllable /a/ as previously used by Hutchins and Peretz (2011),
designed to reflect the timbre of the human voice. Each subject produced
the series of intervals before and after theta burst stimulation containing 19
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difference intervals ranging from 0 to ± 9 semitones. The exact distribution
of the intervals can be found in appendix A.
Pink noise
Pink noise is a modification of white noise (Ward and Greenwood 2007;
Gelfand 2009). White noise is a artificially designed sound with a constant
spectral density function S(f) = f . While the frequency range (usually 20
Hz to 20 kHz) covers the the whole human hearing range, it is perceived
as high frequency stressed noise. The reason for this is, that the loudness
of all frequencies is equal. However, as the human perception is not linear,
different frequency need to have different acoustics pressures to be perceived
as equally loud. (For details see ISO 226 2003) To correct for this mis-
match between physical sound pressure and perceived loudness pink nose
is used. It follows the spectral density S(f) = 1/fα with α = 1 which
reflects more accurately a equally balanced loudness perception for each
frequency. Physically spoken, the density function compensates that higher
octaves contain a larger number of frequencies with each octave the frequency
doubles. This is important to efficiently mask all frequencies, also lower
ones, which are ’under-represented’ in white noise. However, a complete
masking will probably not be achieved due to the bone conduction of the skull.
Normal vocal range and interval sizes
To ensure that subjects are able to reproduce the tone pairs played to them,
they have to be in a adequate range. Subjects have to be able to reproduce
the tones, while the range of intervals has to be challenging enough to detect
a possible effect of improvement. In the literature one can find a vocal range
of 28 to 37 semitones for women and 29 to 37 semitones for man (for a review
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see Hacki 1999). Moreover, Hacki (1999) reports for the lower end of the
male vocal range a frequency 55 - 103 Hz and for the upper end a frequency
of 415 - 880 Hz. For females, respectively, he states 97 - 207 Hz to 659 - 1566
Hz. A similar range has been reported by Heylen et al. (2002). In the above
described pitch reproduction task procedure I only used tones within the
reported range. Therefore, it can be expected that all subjects are able to
reproduce the given tones.
5.3 Audio data analysis
Audio recordings have been analysed using a custom-made script within the
CUEX performance analysis system (Friberg et al. 2007) run under Matlab.2
Due to weak phonation in some subjects the analysis was customised ac-
cording to the specific examples regarding pitch range and analysis methods.
The analysis was separated for the group of female and male subjects and
the corresponding frequency parameters were adapted correspondingly. A
high-pass filter (Butterworth, order 4 or 8) was set to the lowest expected
sung frequency and used to filter out the low frequency components of noise.
The remaining noise floor was estimated and onset and offset times of the two
notes were determined from the crossing points of the sound level envelope.
The same envelope were low-pass filtered and with a level offset. See Friberg
et al. (2005) for details. The pitch was estimated using the YIN algorithm
(de Cheveigne and Kawahara 2002) with the frequency range limits restricted
to the range used in the experiment. This was C#3 to D5 for the females and
F2 to B3 for the males. Additionally, the test tones, which were played to
2Audio data analysis has been done in cooperation with Dr. Anders Friberg from KTH
Stockholm.
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the participants, were analysed. The results showed that the analysed pitch
deviated in most cases less than one cent from the intended pitches, thus a
negligible deviation within this context considering that the just noticeably
deviation is about 10 cents in good conditions.
There were a small number of examples that were omitted due to either that
the subjects did not sing, they just provided one note, or they started too late.
Also, a few examples could not be analysed due to pitch tracking problems.
Since drop-outs were relatively few they were considered unproblematic and
had been omitted.
Two fixed time constants were used for the pitch analysis. The analysis
started 50 ms from the detected onset time, thus omitting the pitch onset
which typically exhibited very large pitch variations. The initial pitch
section was constituted by the following 200 ms (50 ms to 250 ms after onset).
This section corresponded approximately to the initial pitch adjustment by
the subject (Grell et al. 2009). The remaining part of the note starting at 250
ms after the onset to the end of production constituted the final pitch. For
both the initial pitch and the final pitch the median and the upper and lower
quartiles were computed. The median represents a measure for the overall
singing accuracy within the initial or final pitch component if compared to a
given reference. Further, the range was computed as the difference between
upper and lower quartile, which reflects a measure for the stability within
a pitch component.
Further, the slope of the initial pitch was estimated using a linear least
square polynomial fit. In addition, the median vibrato rate and extent were
estimated from the entire tone, as well as the onset, offset, sound level, onset
rise time and a spectrum parameter. However, these parameters had not
been used for statistical analysis as they were not related to my a priori
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hypotheses. Figure 5.2 represents a recorded audio signal and shows visually
the computed pitch variables for a two semi-tone interval.
Starting with the extracted data from the raw signal I created three vari-
ables: pitch accuracy, interval accuracy and pitch stability, which had been
computed for each component (initial and final) and all trials. Their creation
is explained in every detail below.
(A) Pitch accuracy: For each tone component (e.g. initial pitch) the
median of the estimated pitch level contour had been computed, which
represents a measure for tone height of the sung tone. The median
had been used, as it is relatively unaffected by variations in the pitch
level signal (see figure 5.1). This is especially important as subjects
are untrained singers and show larger variations within the sung tone
(Zarate and Zatorre 2008; Kleber et al. 2013). Further, the difference
∆Aij between presented tone and the median of the recorded tone
was calculated. Where i is the tone number (either tone 1 or tone 2)
and j is the trial number. This difference is a relative measure and
could be positive or negative, depending if the subject sings flat (lower
than intended = negative deviation) or sharp (higher than intended =
positive deviation). For this reason, the absolute value of the difference
|∆Aij | had been calculated to later prevent cancelling out of positive and
negative values. As participants had to sing two tones, I finally averaged
across both tones, giving one absolute value |∆Amean,j | corresponding
to each trial for the initial and for the final component, respectively.
These values denote the deviation from the target pitches presented to
the subjects and reflect their overall singing accuracy. The higher the
value, the poorer the accuracy is.
54 Behavioral Testing and Statistics
(B) Pitch stability: The tone height of the estimated pitch level varies
within each tone component depending on the singing performance
of the subject. Therefore, I used the range of the estimated upper
and lower quartile of a component as attribute for the stability of the
singing. A smaller pitch level range signifies a higher performance
stability. Stability values had been averaged across tone one and two
and resulting in one value for each trial for the initial and the final
component, respectively. A lower value reflects a higher pitch stability.
(C) Interval accuracy: This measure reflects how accurate the presented
musical interval was reproduced, independent from the tone height the
subjects starts and ends with. For example, if a subjects sings the
first and the second tone flat, the accuracy of each tone might be poor.
However, the interval could still be correct. Therefore, the interval
accuracy is defined by the difference: ∆A2j −∆A1j , which is the pitch
deviation from tone 2 minus tone 1. Here, a negative value is the result
of a interval sung to small, while a positive value is a interval sung
to large. The greater the dispersion from 0, the poorer the interval
accuracy is.
In the next step I looked on the distribution of pitch accuracy and stability
and could see, that they were skewed to the lower end. This can be seen in
figure 5.1. I also included the mean (orange) and the median (purple) of this
distribution as vertical lines. Obviously, the median represents much better
the maximum of the distribution. Therefore, I decided to use the median of
all trials as the definite measure for each subject.
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(c) Final pitch stability distrbution
Figure 5.1: These three plots show density distributions for three different dependent
measures from three different subjects. The vertical lines represent the mean (orange)
and median (purple) demonstrating, that in all cases the median more closely relates
to the maximum of the distribution. The y-axis denotes the calculated density and
the x -axis the measures for deviation from (a, b) or stability of (c) the target pitch.
In summary, the above explained computation leads to six dependent variables
for each subject which give information about the absolute (accuracy and
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interval accuracy) and relative (stability) pitch reproduction performance.
Initial and final pitch accuracy (and interval accuracy) describe how accurate
a subject reproduced the two tones in comparison to the given tones (or
interval), while initial and final pitch stability depicts how much variation is
on average in the pitch component without referring to an given absolute
reference. Below there is a short summary of all dependent variables.
(1) Initial pitch accuracy: The absolute pitch difference of the initial
pitch component between presented and recorded tones, being averaged
across both tone components of the interval. Finally, the median of all
trials had been taken.
(2) Final pitch accuracy: The absolute pitch difference of the final pitch
component between presented and recorded tones, being averaged across
both tone components of the interval. Finally, the median of all trials
had been taken.
(3) Initial pitch stability: The inter quartile range of the pitch height
variation the early pitch component in absolute values, being averaged
across both tones. Finally, the median of all trials had been taken.
(4) Final pitch stability: The inter quartile range of the pitch height
variation the final pitch component in absolute values, being averaged
across both tones. Finally, the median of all trials had been taken.
(5) Initial pitch interval accuracy: The difference of the initial pitch
component between presented and recorded tone 1 minus the difference
of the initial pitch component between presented and recorded tone 2.
From This value the median of all trials has been taken.
(6) Final pitch interval accuracy: The difference of the final pitch com-
ponent between presented and recorded tone 1 minus the difference of
the final pitch component between presented and recorded tone 2. From
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This value the median of all trials has been taken.
Figure 5.2: shows the recorded audio signal (blue line) and the corresponding
estimated pitch level (pink line) for a typical used interval from both studies. On
the x-axis the time in seconds is annotated and on the y-axis the pitch height in
MIDI notion is labeled. the difference of one MIDI tone is equal to a halftone or a
pitch difference of 100 cents. MIDI tone 63 corresponds to the musical D#4 (311.11
Hz). Moreover, the computed median of the pitch (black line) and the upper and
lower borders of the range (dotted black lines) are depicted. The green line describes
the pitch direction from initial to final component.
5.4 Statistical analysis
Statistical analyses were carried out using R (R Core Team 2014). Shapiro-
Wilk3 test revealed in both studies non-normal distributions of the data.
Hence, non-parametric tests were applied throughout all analyses. To iden-
3According to Ghasemi and Zahediasl (2012) the Shapiro-Wilk test proves to be the
most powerful and reliable test for evaluating normality.
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tify a main effect Friedman’s ANOVA had been used to compare the effect
of stimulation type (independent variable) on the pitch reproduction accu-
racy and stability (dependent variable; see section Audio Data Analysis).
Friedman’s ANOVA is the non-parametric version of a repeated measures
ANOVA.
Post-hoc comparison were done using the Wilcoxon sign rank test. In case
of multiple comparisons, p-values had been adjusted using the FDR-method
(false discovery rate method). However, post-hoc comparisons were based
on carefully chosen a priori hypotheses to avoid unnecessary correction for
multiple comparisons. Further, one-sided post-hoc test had been applied as
the effect direction on iTBS and cTBS had been defined before.
5.5 Questionnaires
Both studies included a range of different questionnaires to examine safety
issues, demographics and musical background, and the subjectively perceived
singing performance. Below, all used questionnaires are listed and their
content is shortly explained. Copies of each questionnaire can be found in
appendix C.
(a) fMRI safety questionnaire: This standard questionnaire had been
used in the both studies as required by the standard safety procedure. It
asks participants for any possible contraindications (e.g. metal implants,
pacemaker, pregnancy) which would lead to exclusion of the study for
safety reasons.
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(b) TMS safety questionnaire: Comparable to the fMRI safety question-
naires possible contraindications for participation in an TMS experiment
are controlled. Although fMRI and TMS both include magnetic fields,
contraindications for TMS are partly different to an fMRi experiment,
while a specific questionnaire is need.
(c) Edinburgh Handeness Inventory: A widely used questionnaire in
psychological research for testing the handeness of participants (Oldfield
1971).
(d) Musical background: This had been developed for earlier studies
(Kleber et al. 2009; 2010). It asks for the singing and instrumental
experience as well as the general musical background and music traditions
in the family.






Experiment I: Continuous and intermittent
transcranial magnetic theta burst stimulation on
S1 and its effect on pitch reproduction when
auditory feedback is available
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6.1 Introduction
In this first study I investigated the role of the laryngeal representation
in the right ventral post-central gyrus for vocal control during a two-tone
pitch reproduction task in non-singers using repetitive transcranial magnetic
stimulation. An fMRI localiser had been used to identify the corresponding
cortical region in S1 functionally representing the larynx. Further, an image-
guided neuro-navigation system had been utilised for precise targeting. iTBS
and cTBS stimulation had been applied to the target site and additionally,
iTBS on a dorsal S1 control site. I hypothesised, that iTBS stimulation
on the target site will lead to improvement in the reproduction task, while
cTBS will impair performance, and stimulation in the control site will have
no effect. Each condition had been compared to a neutral baseline which
had been recorded prior to stimulation in each session.
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6.2 Material and Methods
6.2.1 Participants
10 subjects (5 male) with a mean age of 23.9 years (range: 20 - 33 years) from
the body of students of the University of Tu¨bingen participated in the study.
None of them had academic training in music nor professional vocal training.
All subjects reported normal hearing and no cases of pathological hearing
problems. Hearing abilities had been controlled using a pitch discrimination
task (see 6.3.2 ). All subject were right handed as controlled by the Edinburgh
Handeness Inventory (Oldfield 1971). The inventory revealed a mean score
of 80.7, with a range from 66 to 100. Moreover, musical behaviour and
background was accessed using a self developed custom tailored questionnaire
(see Kleber et al., 2010). No subject had previous singing training One
participants was removed before final analysis as its pitch reproduction
performance was highly inaccurate and unstable within and between different
sessions (see 6.3.3 ) Another subject had not completed the study and was
already discarded before analysis.
6.2.2 Ethics Statement
Written consent was obtained from all subjects prior participation. The study
was approved by the ethics committee of the University of Tu¨bingen. Inclu-
sion criteria for TMS experiments were adhered according to Wassermann
(1998).
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6.2.3 fMRI Technique
Structural whole head images were acquired using T1-weighted images (mag-
netisation prepared rapid acquisition gradient echo; 176 sagittal slices, 1
mm effective thickness) for anatomical reference. Functional images had
been recorded using a sparse sampling method. The technique was based
on those used in previous studies by Kleber and colleagues (2007, 2010).
The paradigm consisted of one block with 72 volumes (whole head scans),
acquired by a 3 Tesla whole body Scanner (Siemens Magnetom Tim Trio,
Germany) employing echo planar imaging (EPI, echo time [TE]: 30 ms,
repetition time [TR]: 10 s, acquisition time [TA]: 3s, 40 transversal slices, 3.4
mm thickness, no gap). Subjects received visual cues indicating them either
to sing the steady vowel /a/ in a comfortable pitch or to exhale without
sound production(See 4.3 for more details including a figure of the visuals
cues).
6.2.4 Transcranial Magnetic Stimulation
The TMS setup consisted of a Magstim Rapid2 stimulator with a 70 mm
biphasic figure-of-eight coil (The Magstim Company Limited, UK) and a
Localite stereo-tactic neuro-navigation system (Localite GmbH, Germany).
High resolution MRI scans (1mm3) had been acquired for all participants
as basis for precise targeting. For this reason, structural MRI scans were
overlaid with functional activation maps.
I used the intermittent theta burst (iTBS) and continuous theta burst (cTBS)
stimulation protocols introduced by Huang et al. (2005). iTBS consists of 50
Hz triple pulses every 200 ms for a total time of 200 s and cTBS of 50 Hz
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triple pulses for 40 s continuously. Stimulator output was set to 80% of AMT
for each subject individually and kept constant for all TMS sessions. AMT
was measured in the first TMS session using the procedure described in 3.4.
TMS stimulation was applied over the right somatosensory vocal fold repre-
sentation as identified using the fMRI paradigm. Control stimulation was
applied over the most dorsal part of right S1. Subsequently, target stimu-
lation over somatosensory vocal fold representation are called larynx-iTBS
and larynx-cTBS, while stimulation over the dorsal S1 control area will be
called dorsal-iTBS.
Coil orientation was anterior-posterior and perpendicular to the post-central
gyrus for the larynx-iTBS and larynx-cTBS. However, based on previous
findings (Thielscher et al. 2010) the coil was tilted by 45 degree for dorsal-
iTBS control stimulation to further reduce the effect on the cortex and create
a sham like stimulation with similar skin sensation.
6.2.5 Behavioural Testing
Behavioural testing included the pitch discrimination task and the pitch
reproduction task which are explained in detail in chapter 5.
6.2.6 Procedure
The experiment consisted of five separate sessions which were carried out at
5 separate days.
Day 1: On the first day, subjects were screened for being qualified to
take part in a fMRI and TMS experiment, to rule out any possible health
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issues. I used standardised safety questionnaires from the lab. They can
be found in appendix C. Subsequently subjects performed the perceptual
screening task (see chapter 4). Hereby it was possible to check beforehand
if perception abilities were with a adequate range. Otherwise subjects had
been excluded from further participation.
Day 2: On day two subjects underwent an fMRI scan to identify relevant
cortical regions involved in simple tone production. Therefore, they had to
do a simple voice production task. Additionally, I recorded a high resolution
structural brain image as basis for the neuro-navigation system.
Day 3 – 5: Session 3 –5 included finally the main experiment, the pitch
reproduction task. At the beginning each session subjects were equipped
with noise cancelling headphones and a head mounted microphone. Subjects
trained the paradigm with 2-5 trials depending on individual needs then
they sang a series of 105 two-tone intervals before and after TMS. During the
singing task the investigator left the room to not create an uncomfortable
situation which might influence performance. Subjects were naive to what
effect the the TMS stimulation should have on their singing performance.
Figure 6.1: Plot shows the pitch reproduction test procedure of each session. Subjects
did a singing task pre-TMS, then received the TMS stimulation, and did again the
singing task post-TMS. Stimulation was in a pseudo-randomised order with either
iTBS on larynx-S1, cTBS on larynx-S1 or iTBS on dorsal-S1.
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6.2.7 Audio Data Analysis and Statistics
Audio data analysis and statistical interference were computed using software
and methods presented in chapter 5.
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6.3 Results
6.3.1 Pitch discrimination task
All participants had normal to very good hearing abilities as controlled by
the pitch discrimination task. The average frequency perception difference
was 0.5% (8.6 Cent) with a range from 0.17% (2.9 Cent) to 1.08% (18.6
Cent). Therefore, pitch discrimination thresholds are much smaller than the
smallest interval (one semitone = 100 Cent) used in the pitch reproduction
task.
6.3.2 Pitch reproduction task
In this subsection I present the results from the pitch reproduction task.
However, before revealing the effects of of TMS stimulation I are going to
investigate the individual singing performance to make sure all subjects had
normal singing abilities. As I want to facilitate statistical procedures, in the
next step I test for differences between the pre-TMS performances of each
session.
Checking for normal singing performance
I initially investigated pitch reproduction performance of each subject to
make sure all participants had stable and normal pitch reproduction abilities.
For this reason I explored the variance of the final pitch variable for the
first tone of the pre-TMS condition. As the first tone (311.11Hz = D#4)
is kept equal for all intervals it should be easier to be reproduced than the
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second tone which varies in pitch. Moreover, subjects adapt to the first tone
during the task. Therefore, variance should be low, if singing performance
is normal. Figure 6.2 shows box-plots for pre-TMS final pitch reproduction



















































































Figure 6.2: Plot shows box-and-whisker diagrams for final pitch accuracy for the
first tone of the pre-TMS condition for each subject. Y -axis represents the deviation
from target pitch and x -axis shows the participant code for each individual subject.
The orange line marks the defined cut-off for the exclusion criteria, which is one
standard deviation above mean group performance.
It can be seen in figure 6.2 that subject ME03 had a highly unstable per-
formance compared to the remaining subjects. The red line marks the one
standard deviation boundary (1 SD) which was defined as cut-off criteria for
inclusion in the further analysis procedure. Therefore, subject ME03 had
been removed from the study before further analysis to prevent any bias due
to this unstable performance.
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Combining pre-TMS performances
To ensure that pre-TMS performances were stable over all sessions I com-
pared each session to each other using Friedman’s ANOVA. Table 7.1 shows
the results for the baseline comparison of the four dependent variables
tested. Results demonstrate no significant differences between the pitch
reproduction performances of each pre-TMS. Therefore, the combining of
all pre-TMS performances to one overall pre-TMS measure is justified and
will be used for later analysis and comparison with intervention pitch re-





Initial pitch accuracy 2 3.25 0.20
Final pitch accuracy 2 0 1
Initial pitch stability 2 1 0.61
Final pitch stability 2 0.75 0.69
Table 6.1: Friedman’s ANOVA test results for comparison between baselines of
different sessions. N = 8.
Performance after TMS
Pitch reproduction performance has been compared for overall interval accu-
racy, pitch accuracy and pitch stability. Main effects of TMS intervention had
been investigated using Friedman’s ANOVA. Comparing the pitch accuracy
variables reveals no significant main effect, neither for the initial component,
χ2 (3, N = 8) = 5.10, p = .17, nor for the final pitch component, χ2 (3, N
= 8) = 1.65, p = .65. Figure 6.3 shows the results for the pitch accuracy
measure. In the next step, I compared the stability variables, which also
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revealed no significant main effect, neither for the initial pitch component
χ2 (3, N = 8) = 2.40, p = .49, nor for the pitch component, χ2 (3, N = 8)
= 1.05, p = .79. In figure 6.4 one can see the results for the pitch stability
measure.
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Pitch Accuracy (no masking)
Figure 6.3: Box-and-whisker plots display deviation of sung tones from target pitch
for pre-TMS and all three post-TMS conditions (S1-larynx-iTBS, S1-larynx-cTBS
and S1-dorsal-iTBS). N = 8, where N is the number of subjects.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Pitch Stability (no masking)
Figure 6.4: Box-and-whisker plots display deviation of sung tones from target pitch
for pre-TMS and all three post-TMS conditions (S1-larynx-iTBS, S1-larynx-cTBS
and S1-dorsal-iTBS). N = 8, where N is the number of subjects.
Significances: * = p < .05, ** = p < .01, *** = p < .001
Experiment I - TMS with no masking 75
Additionally, I also compared the interval accuracy for initial and final pitch
component. Again, it revealed no significant main effect, neither for the
initial pitch component χ2 (3, N = 8) = 0.45, p = .93, nor for the final
pitch component, χ2 (3, N = 8) = 1.65, p = .65 using Friedman’s ANOVA.
Figure 6.5 depicts the results for the interval accuracy measure.




































Interval Accuracy (no masking)
Figure 6.5: Box-and-whisker plots display deviation of sung tones from target pitch
for pre-TMS and all three post-TMS conditions (larynx-iTBS, larynx-cTBS and
dorsal-iTBS). N = 8, where N is the number of subjects.
Significances: * = p < .05, ** = p < .01, *** = p < .001
Overall, there were no significant effects of TBS stimulation on pitch re-
production, which could been illuminated by investigating pitch accuracy,
pitch stability or interval accuracy. Possible implications of the results are
discussed in the following section (6.4) and in ”Chapter 8 - Discussion”.
76 Experiment I - TMS with no masking
6.4 Preliminary conclusion
In this first experiment I used continuous and intermittent theta burst stim-
ulation protocols to alter the accuracy and stability in a pitch reproduction
paradigm testing untrained singers. I expected theta burst stimulation to
change the ability to vocally reproduce musical two-tone intervals. Based on
previous studies (Ragert et al. 2008; Morley et al. 2007; Premji et al. 2010) I
hypothesised that iTBS will lead to improvement and cTBS to deterioration
of singing performance compared to a neutral baseline and stimulation on a
control site (dorsal part of post-central gyrus).
However, my results revealed no significant effect of TMS stimulation on
singing performance compared to baseline performance. I could not demon-
strate that applying theta burst stimulation for altering the processing of
the somatosensory representation of the laryngeal muscles leads to changes
in vocal motor performance. I expected these behavioural changes manifest
itself in improved or impaired pitch reproduction accuracy and stability after
TMS stimulation. Moreover, performance and changes in performance due
to stimulation are not correlated with pitch perception skills.
As shown in previous studies, theta burst stimulation had been successfully
applied to the primary somatosensory cortex (Ragert et al. 2008; Katayama
and Rothwell 2007; Morley et al. 2007; Premji et al. 2010; Rai et al. 2012). Nei-
ther iTBS nor cTBS stimulation had an measurable effect on the behavioural
performance. I did use standard settings which have been established in the
literature (e.g. 80 % active motor threshold for stimulation intensity) and
used a modern neuro-navigated targeting system, which minimises errors in
targeting the exact spot to a few millimetres.
Nevertheless, effects after theta burst stimulation on S1 have only been test
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in the field of sensory related performance measures (e.g. two-point discrimi-
nation on the finger). So far, no study demonstrated any cross-modal effect
of the motor system after altering sensory processing. For the same reason
it could be that short term functional changes in the primary somatosensory
system do not or only marginally transfer to other modalities. Moreover,
I cannot rule out that a unilateral stimulation will be compensated by the
contralateral hemisphere. This is especially reasonable in the case of vocal
control, as there is evidence that each hemisphere controls both sites of the
vocal folds (Simonyan and Horwitz 2011; Ju¨rgens 2002).
In my view the lack of any significant effect of TMS on singing performance
might be explained by the complex interactions of two feedback systems
being used to monitor pitch during vocal production – the auditory and the
somatosensory system. It has been shown that non-singers rely more on
auditory feedback for voice control compared to professional opera singers
(Kleber et al. 2010; Zarate and Zatorre 2008). Therefore I assume the au-
ditory system playing a greater role in non-professional singers despite the
TMS intervention, which might only have a small or no effect on lay singers.
Amateur singers might have not learned to use the somatosensory system.
Further, it has been shown that singers rely more on internal models for
vocal control, while amateurs have to build on real-time feedback (Jones and
Keough 2008). Possibly, the auditory feedback is preferred real-time feedback
for lay singers. Then, any effect on the somatosensory system would than be
covered by the auditory feedback system strategy subjects had been used or
just covered by the general variability in singing performance.
In summary these results do not rule out any importance role for somatosen-
sory feedback in vocal control. However, to clarify the role of the ventral
area of S1 on vocal motor control, a design is needed eliminated the confound
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of auditory feedback.
CHAPTER 7
Experiment II: Intermittent transcranial magnetic
theta burst stimulation on S1 and its effect on
pitch reproduction when auditory feedback is
masked
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Introduction
To further investigated the role of sensory feedback on vocal motor control
in singing I implemented a second experiment. This time, to reduce the
influence of the auditory feedback loop, pink noise was played to the par-
ticipants via headphones during the period of pitch reproduction. Similar
to the first experiment, participants had to reproduce a series of two-tone
intervals before and after administration of transcranial magnetic stimulation.
Only S1-larynx-iTBS stimulation has been used to reduce complexity of the
design. This protocol is has been proven to be effective in improving cortical
processing in S1 in other studies (Ragert et al. 2008; Morley et al. 2007;
Katayama and Rothwell 2007). Moreover, it seemed more likely to see an
improvement effect after noise masking, which already leads to less accurate
singing.
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7.1 Material and Methods
7.1.1 Participants
14 subjects (7 male) with a mean age of 27.3 years (range: 22 - 35 years)
participated in the study. Only Participants with no or very low previous
vocal or formal musical training and without reported normal hearing were
included in this study. 4 Subjects from study 1 also participated in this
experiment. Musical experience was accessed using a custom tailored ques-
tionnaire (see Kleber et al., 2010). This questionnaire investigated subjects’
musical background, e.g. asking for possible instrumental and vocal lessons,
as well as general music related behaviour. All participants were right handed
according to the Edinburgh Handeness Inventory (see appendix A). Only
subjects without reported neurological or psychiatric diseases participated
in this study. Written consent was obtained from all subjects prior participa-
tion. The study was approved by the ethics committee of the University of
Tu¨bingen. Inclusion criteria were adhered according to Wassermann (1998).
7.1.2 Behavioral Testing
Prior to participation, all participants underwent a perceptual screening to
rule out that poor pitch perception can be accounted for pitch reproduction
accuracy. A two-tone forced choice test was applied that had been used
previously (Kleber et al., 2013) to estimate frequency discrimination thresh-
olds (see 5.1 for a detailed description). The main task incorporated that
participants listened to 60 trials of two-tone musical intervals via headphones
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and subsequently sang them back using the syllable ‘na’ or ‘la’. Auditory
feedback was masked with pink noise during pitch reproduction to perturb
acoustic feedback. Vocal production was recorded and stored digitally for
off-line analysis (a detailed description can be found in section 5.2).
7.1.3 MRI Technique
Structural whole head MRI images were acquired using T1-weighted images
(magnetisation prepared rapid acquisition gradient echo; 176 sagittal slices,
1 mm effective thickness) for anatomical reference for precise targeting. In
three cases this data could be obtained from a previous study as subjects
participated again.
7.1.4 Transcranial Magnetic Stimulation
The TMS setup consisted of a Magstim Rapid2 stimulator with a 70 mm
biphasic figure-of-eight coil (The Magstim Company Limited, UK) and a
Localite stereotactic neuronavigation system (Localite GmbH, Germany). I
used the intermittent theta burst stimulation protocol (iTBS) introduced
by Huang et al. (2005) which consists of 50 Hz triple pulses every 200 ms
for a total time of 200 s. Coil orientation was anterior-posterior (AP) in
both cases and perpendicular to the post-central gyrus for the larynx-iTBS
stimulation of the vocal fold representation but only 45◦ tilted for the dorsal-
iTBS stimulation on the most dorsal part of right S1. TMS stimulation was
applied over the right somatosensory (S1) vocal fold representation adjunct
to motor representation (M1) [54, -4, 38; Tailarach] as report by Brown
et al. (2009) in a meta analysis for vocal control. Tailarach coordinates were
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recomputed for each individual brain. Sham stimulation was applied over the
most dorsal part of right S1 close to the vertex. Stimulator output was fixed
40 % of maximum stimulator output for both conditions (larynx, dorsal) and
all participants. Coil orientation was anterior-posterior (AP) in both cases
and perpendicular to the post-central gyrus for the iTBS stimulation of the
vocal fold representation but only 45 degree tilted for the sham stimulation.
7.1.5 Procedure
Subjects who did not participate in study 1, first did the perceptual screening
before they performed the pitch reproduction task prior and post TMS
intervention on two separate days, while a minimum of 48 hours was kept
between both sessions. At the beginning each session subjects were equipped
with noise cancelling headphones (Bose QuiteComfort 15; Bose, Germany)
and a head mounted microphone(AKG C 477 WR L/p; AKG, Austria).
Noise level was set to maximum tolerable level and subjects trained the
paradigm with 2-5 trials depending on individual needs. During the singing
task the investigator left the room to not create an uncomfortable situation
which might influence performance. Subjects were naive to what effect the
TMS stimulation should have on their singing performance.
7.1.6 Audio Data Analysis and Statistics
Audio data analysis and statistical interference had been computed using
YIN under Matlab and R. Details about analysis an statistical methods are
presented in chapter 5.
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7.2 Results
7.2.1 Pitch discrimination task
The average frequency perception difference in the pitch discrimination task
was 0.7 % with a range of 0.2 % (very good) to 1.25 % (good). The cut-off
criterion for participation in the TMS experiment was 2 % (35 Cent). Within
this range there is no effect on pitch production to expect (Kleber et al.,
2013). All subjects fulfilled the inclusion criteria and continued the study at
this point. Detailed information about the discrimination thresholds for each
participant in ∆% and in ∆Cent differences can be found in appendix A.
7.2.2 Pitch reproduction task
Checking for normal singing performance
Initially, I investigated pitch reproduction performance of each subject to
ensure all participants had stable and normal pitch reproduction abilities.
For this purpose I looked at the variance of the final pitch accuracy measure
of first tone of baseline performance only, using box-whisker-plots. As the
first tone (311.11 Hz = D#4 for men and 622.22 Hz = D#5 for women,
respectively) is kept equal for all intervals, variance should be low, if singing
performance is normal. I expect subjects to habituate to the recurrent
stimulus. Moreover, target tone was in a comfortable voice range. Figure 7.1
shows box-whisker-plots for final pitch accuracy performance of all subjects.
It can be seen at figure 7.1 that subjects ME03 and NB63 had a highly
unstable performance compared to the remaining subjects. The red line
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marks the one standard deviation boundary (1 SD) above the mean, which
was defined as cut-off criteria for inclusion in the further analysis procedure.
Hence, I removed subjects ME03 and NB63 from the study as the median of
their performance was above threshold. This has been done to prevent any





















































Figure 7.1: Plot shows box-whisker-plot for final pitch reproduction accuracy for the
first tone of the baseline for each subject. Y-axis represents the deviation from target
pitch and x-axis shows the participant code for each individual subject. Red line
marks the defined cut-off for the exclusion criteria, which is one standard deviation
above mean group performance.
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Combining masking pre-TMS performances
Equal to the procedure in the first experiment I controlled for performance
difference between both sessions in the pre-TMS measure. Again, I found no
significant differences between both sessions. Results are shown in table 7.1.
Consequently, both pre-TMS recordings have been averaged to receive one





Initial pitch accuracy 2 3.25 0.20
Final pitch accuracy 2 0 1
Initial pitch stability 2 1 0.61
Final pitch stability 2 0.75 0.69
Table 7.1: Friedman’s ANOVA test results for comparison between pre-TMS pitch
reproduction performances (with masking) of both sessions. N = 12.
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Effects of auditory masking
In order to demonstrate that pink noise is efficiently masking the auditory
feedback, I compared pitch reproduction accuracy and stability with auditory
masking (mask) and without pink noise interference (no-mask), but without
any TMS interference. Results demonstrated that pink noise masking im-
pairs the auditory feedback and leads to less accurate singing performance.
However, changes in pitch accuracy and pitch stability are only apparent
for final pitch measures, but not for initial pitch measures (see figure 7.2,
figure 7.3 and table 7.2). Possible reasons for this difference are discussed
later.
Table 7.2




Initial pitch accuracy 1.16 0.124
Final pitch accuracy 2.40 0.016*
Initial pitch stability -0.89 0.813
Final pitch stability 2.76 0.006**
Table 7.2: Wilcoxon sign rank test results (one-sided) for comparison of pre TMS
mask and no-mask singing performance. N = 11. All p-values have been corrected
for multiple comparison using the FDR-method.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Figure 7.2: Box and Whisker plots display deviation of sung tones from target pitch.
N = 11, where N is the number of subjects. Orange coloured box plots signalise
a significant higher degree of deviation from target pitch (decreased accuracy).
Significances: * = p < .05, ** = p < .01, *** = p < .001




























Figure 7.3: Box and Whisker plots display variation around sung tones from target
pitch. N = 11, where N is the number of subjects. Orange coloured box plots
signalise a significant higher degree of variation around target pitch (decreased
stability). Significances: * = p < .05, ** = p < .01, *** = p < .001
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Effects of TMS on Pitch Accuracy
For determining the effect of iTBS stimulation on pitch reproduction perfor-
mance I compared the pitch accuracy variables for the different condition
(larynx and dorsal)s. Figure 7.4 shows the results for the pitch accuracy
measure for the initial and final pitch component for all three conditions as
box-and-whisker plot. It can be seen, that the initial pitch performance is
less accurate in all conditions compared to the final pitch performance, while
the average group-performance for all conditions is below one semitone.
However, these plots do not give a clear idea of a possible effects of TMS.
Therefore, figure 7.4 shows the differences between pre-TMS and post-TMS
as ’change box-plots’. Here, one can see the effect of TMS and the dependent
variables. A change into negative direction marks an improvement after
stimulation, while 0 reflects the point without any change between pre-TMS
and post-TMS. Each box plot represents the post-TMS ’minus’ pre-TMS
difference. Significant changes have been highlighted in green.


























Effects of TMS (with masking) on Pitch Accuracy
Figure 7.4: Box-and-whisker plots, displaying the effect of S1-larynx-iTBS and
S1-dorsal-iTBS (post – pre TMS differences) on singing accuracy when auditory
feedback was masked with pink noise. N = 12. Green colour indicates significantly
increased pitch accuracy. Significances: * = p < .05, ** = p < .01, *** = p < .001
90 Experiment II - TMS with masking
Comparing the accuracy measure reveals a significant effect for initial pitch,
χ2 (2, N = 12) = 6.17, p < .05*, but not for the final pitch component, χ2
(2, N = 12) = 3.87, p = .14, using Friedman’s ANOVA. Table 7.3 shows





S1-larynx TMS vs. pre TMS -2.35 0.028* 0.48
S1-dorsal TMS vs. pre TMS -0.08 0.479 -
S1-larynx TMS vs. S1-dorsal TMS -2.00 0.034* 0.41
Table 7.3: Wilcoxon sign rank test (one-sided) has been used for post-hoc testing
iTBS effects on initial pitch accuracy. All results are corrected for multiple compar-
isons using the FDR-method. N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
Pairwise post-hoc comparison results demonstrated a significant effect of
iTBS on larynx area, but not for iTBS on dorsal control area compared to
baseline pre-TMS performance and also in direct comparison. This results
was underlined by a medium effect size.
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Effects of TMS on Pitch Stability
To investigate how well subjects kept the pitch production steady I compared
the pitch stability measure for the initial and final component of each
condition. Figure 7.5 depicts the change box-and-whisker plots for the
corresponding pitch stability results.


























Effects of TMS (with masking) on Pitch Stability
Figure 7.5: Box-and-whisker plots, displays the effect of S1-larynx-iTBS and S1-
dorsal-iTBS (post – pre TMS differences) on singing stability when auditory feedback
was masked with pink noise. N = 12. Green colour indicates significantly increased
pitch stability. Significances: * = p < .05, ** = p < .01, *** = p < .001
Friedmans’s ANOVA revealed a significant main effect for final pitch stability,
χ2 (2, N = 12) = 7.17, p < .05∗, but not for initial pitch stability, χ2 (2,
N = 13) = 5.17, p = .08. Post-hoc comparisons revealed that this effect
was due to target (S1-larynx) but not control (S1-dorsal) stimulation (see
table 7.4).





S1-larynx TMS vs. pre TMS -2.51 0.018* 0.51
S1-dorsal TMS vs. pre TMS -0.08 0.091 -
S1-larynx TMS vs. S1-dorsal TMS -2.04 0.031* 0.42
Table 7.4: Wilcoxon sign rank test (one-sided) has been used for post-hoc testing
effects of iTBS on final pitch stability. All results are corrected for multiple compar-
isons using fdr method. N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
Effects of TMS on Interval Accuracy
So far, only measures had been taken into account which averages both sound
tones to judge the changes in pitch reproduction accuracy. Furthermore, I
also compared the interval accuracy for initial and final pitch component.
However, I found no significant effect, neither for the initial pitch χ2 (3, N
= 12) = 3.17, p = .21, nor for the final pitch interval accuracy, χ2 (3, N =
12) = 1.67, p = .56 using Friedman’s ANOVA.
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Correlation Analysis
Finally, exploratory correlation analyses revealed a complex relationship
between perceptual pitch-discrimination and pitch reproduction skills with
respect to production changes due to masking and post-TMS effects.
Pitch accuracy improvement vs. baseline performance
I was interested if the improvement in singing performance after iTBS stim-
ulation is correlated with participants’ performance (pre-TMS). I found a
significant negative correlation between post-TMS pitch accuracy improve-
ment and pre-TMS pitch accuracy levels (initial pitch: r = −.58, p < .05*;
final pitch: r = −.66, p < .01**). This suggests a tendency that participants
with lower pitch reproduction accuracy prior to TMS also showed larger
improvements after S1 larynx-iTBS stimulation in both initial and final
pitch accuracy (Figure 4). Results for the correlation analysis are shown in






Initial pitch accuracy -0.58 0.025*
Final pitch accuracy -0.66 0.009**
Initial pitch stability -0.26 0.41
Final pitch stability -0.39 0.21
Table 7.5: Pearson correlation has been computed between the pre-TMS performance
and the improvement after iTBS-larynx-S1 stimulation. N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Correlation between pre−TMS Pitch Accuracy 
 and post−TMS Improvement
Figure 7.6: Point plot showing the relationship between pre-TMS deviation from
initial target pitch and improvement after larynx-iTBS in initial pitch accuracy.
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Correlation between pre−TMS Pitch Accuracy 
 and post−TMS Improvement
Figure 7.7: Point plot showing the relationship between pre-TMS deviation from
final target pitch and improvement after larynx-iTBS in final pitch accuracy. N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Pitch discrimination skills vs. masking effect and TMS
So far I could proof that pink noise is effectively impairing pitch production
accuracy. An additional correlation analyses revealed a relationship between
perceptual pitch discrimination and pitch reproduction skills with respect to
production changes due to masking. That is, participants perceptual skills
revealed a significant positive correlation (r = .85, p < .001***) with the
strength of final pitch accuracy impairment due to masking (see figure 7.8).
This indicates that participants with higher frequency discrimination thresh-
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Correlation between pitch discrimination thresholds 
 and masking effects on Final Pitch Accuracy
Figure 7.8: Point-plot shows a significant relationship between the effect of masking
(with - without masking difference) on final pitch accuracy and subjects’ pitch
discrimination thresholds. N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Furthermore, participants frequency discrimination thresholds were nega-
tively correlated with the extent of pitch accuracy improvement for the initial
(r = −0.73, p < .01**) and final (r = −0.66, p < .05*) components after
S1-larynx iTBS (see figure 7.6 and figure 7.7). This effect suggests that
participants with larger frequency discrimination thresholds have a higher
potential to improve their performance after S1-larynx iTBS. Together, re-
sults from exploratory correlation analyses suggest a complex interaction
between sensory feedback modalities (auditory and somatosensory) and vocal
motor control depending on whether or not untrained singers could employ
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Correlation between pitch discrimination threshold 
 and post−TMS improvement
Figure 7.9: Point plot shows the relationship subjects’ pitch discrimination thresholds
and reproduction improvement for initial pitch accuracy after S1-larynx iTBS.
N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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Correlation between pitch discrimination threshold 
 and post−TMS improvement
Figure 7.10: Point plot shows the relationship subjects’ pitch discrimination thresh-
olds and reproduction improvement for final pitch accuracy after S1-larynx iTBS.
N = 12.
Significances: * = p < .05, ** = p < .01, *** = p < .001
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7.3 Preliminary Conclusion
In order to prove the role of the right ventral primary somatosensory cortex
for vocal control I used intermittent theta burst stimulation in a pitch
reproduction paradigm testing non-singers while their auditory feedback
was masked using pink noise. I hypothesised that iTBS improves pitch
performances measures compared to a neutral baseline and stimulation on a
control site.
I could demonstrated that auditory masking with pink noise effectively
impairs auditory perception during a singing task, leading to a significant
reduction in pitch reproduction accuracy and stability. These findings are
in line with the current literature (Zarate and Zatorre 2008; Mu¨rbe et al.
2002). However, additionally I found a clear difference in the masking effect
between early and late pitch components. Only the late pitch component
was effected, which suggests that initial an final pitch might be controlled by
different feedback systems.
In the main experiment I found, that larynx-iTBS significantly improved
singing, while TMS over a dorsal control area did not effect performance.
Moreover, pitch accuracy was enhanced for the initial pitch, but stability
improved for final pitch. Further, I found several interesting correlations
showing that subjects with less accurate baseline performance improved more
after stimulation. In addition, I found a strong relationship between hearing
abilities and the effect of larynx-iTBS on singing, which might suggest an
interaction between auditory and somatosensory abilities.
Overall, the results underlines to involvement of the primary somatosensory
system in accurate singing in the absent of auditory feedback. However,
stimulation did not effect singing performance an all measured parameters,
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which will be further explained in the discussion section.






Several studies previously pointed towards an increased importance of so-
matosensory feelings from the vocal tract for the control of complex motor
tasks such as singing. Kleber et al. (2010), for example, found that trained
singers as compared to non-singers showed increased activation during singing
within primary somatosensory cortex, a finding that confirmed behavioural
results suggesting that the kinesthetic feedback loop becomes increasingly
important with the development of singing skills (Mu¨rbe et al. 2002, 2004;
Jones and Keough 2008). However, as these studies measured predominantly
correlations between vocal skill level and respective dependent variables they
do not allow making inferences regarding causality. In the presented work I
investigated the role of somatosensation in pitch motor-control with theta
burst stimulation, applied to right laryngeal primary somatosensory cortex
and dorsal S1 respectively
I used a neuro-navigated system to apply iTBS and cTBS over primary
laryngeal somatosensory cortex to probe the role of somatosensory feed-
back in vocal motor control. In two related experiments, effects of TBS on
pitch-production (accuracy and stability) were assessed in a pitch-matching
paradigm with untrained singers. In experiment I, participants were able
to hear their own voice while they sang musical intervals. In experiment II,
auditory feedback was masked with pink noise during singing. Analogous to
previous studies (Zarate and Zatorre 2008; Mu¨rbe et al. 2002), the data of
the second experiment confirmed a significant effect of auditory masking on
singing accuracy in general. Moreover, my main results show that with nor-
mal auditory feedback, TMS showed no effect on vocal performance. However,
when auditory feedback was masked with noise, iTBS significantly improved
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initial pitch accuracy and final pitch stability after larynx S1 but not after
dorsal S1 stimulation. Interestingly, positive effects of larynx S1 stimulation
on pitch accuracy (i.e., initial and final pitch components) were pronounced
in participants with lower pitch-matching skills prior to iTBS. Furthermore,
participants with lower perceptual skills (i.e., higher pitch-discrimination
thresholds) were also more adversely affected when auditory feedback was
masked and improved more after larynx-S1 stimulation. These novel results
lend further support to the idea that somatosensory feedback from the vocal
tract plays a greater role in fine vocal-motor control than previously thought
(Tremblay et al. 2003; Mu¨rbe et al. 2004; Nasir and Ostry 2006; Kleber
et al. 2010; Lametti et al. 2012; Kleber et al. 2013). To my knowledge, this
provides first evidence for a causal relationship between neural facilitation of
larynx-S1 and temporary improvement of pitch motor-control in musically
untrained participants.
8.2 Mechanisms of vocal pitch motor control
One of the perceptually most salient features of vocal production is pitch,
the fundamental frequency of sound. It is determined by the vibration fre-
quency of the vocal folds and controlled via vocal fold tension and length in
interaction with air-pressure from the lungs (Titze 1993). Pitch relationships
are relative and continuous in speech whereas in music, they are discrete
and follow precise interval relations, where listeners would perceive even
small deviations from target frequencies as error (Natke et al. 2003; Zatorre
and Baum 2012). This poses higher demands on vocal-motor control and
is one reason why singing errors are mostly related to inaccuracies in pitch
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production: 50 % of untrained singers fail to match a target pitch to within
50 cents (100 cents = one semitone) deviation (Dalla Bella et al. 2007). In
contrast, trained singers show significantly higher levels of pitch-matching
accuracy, which points towards an experience dependent improvement of
vocal motor control (Nikjeh et al. 2009; Hutchins and Peretz 2011, 2012).
Vocal sensorimotor interactions are commonly examined by compensatory
responses to auditory perturbations, such as a pitch-shifting reflex in the
opposite direction to pitch change in auditory feedback (Jones and Munhall
2000; Burnett and Larson 2002; Zarate and Zatorre 2008) or decreased
pitch-stability and accuracy when auditory feedback is masked with noise
(Ternstrom et al. 1988; Mu¨rbe et al. 2002). According to these data, com-
munication between auditory feedback processing and vocal motor-control
supports correct pitch-production (Zarate et al. 2010). Moreover, positive
correlations between pitch-discrimination and pitch-performance accuracy
imply that auditory perception may be the main tool for controlling vocal
production (Amir et al. 2003; Watts et al. 2005; Moore et al. 2010; Estis et al.
2011). In contrast, studies have also shown that even extremely inaccurate
singers may possess good pitch perception (Bradshaw and McHenry 2005;
Estis et al. 2011), while training of pitch-discrimination skills leaves pitch-
reproduction accuracy unaffected (Zarate et al. 2010). Further evidence for
other mechanisms being involved in vocal control stems from research in
congenital amusia, a neuro-degenerative disorder estimated to affect about 4
% of the population. Amusia is associated with impaired music perception
despite normal cognitive and hearing abilities (Peretz et al. 2007; Stewart
2011). Congenital amusics are unable to detect pitch differences less than a
semitone (Hyde and Peretz 2004) or distinguish between rising and falling
pitches (Foxton et al. 2004). This deficit is typically reported to coincide
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with impaired singing abilities (Ayotte et al. 2002), such as increased pitch
errors in familiar tunes (Dalla Bella et al. 2009; Tremblay-Champoux et al.
2010) and single tones compared to non-amusics (Hutchins and Peretz 2011).
Yet the existence of production-preserved congenital amusics, in which the
conscious perception of pitch is independent from vocal action, suggests a
possible dissociation between auditory perceptual and vocal production skills
(Dalla Bella et al. 2009; Loui et al. 2009; Hutchins et al. 2010; Hutchins and
Peretz 2013).
Research in vocal sensorimotor interactions often neglects that auditory
feedback becomes highly correlated with somatosensation during produc-
tion. Indeed, growing evidence suggests that somatosensory feedback plays a
larger role in vocal motor control than commonly thought (Tremblay et al.
2003; Mu¨rbe et al. 2004; Nasir and Ostry 2006, 2008; Kleber et al. 2010;
Golfinopoulos et al. 2011; Lametti et al. 2012; Kleber et al. 2013). When
comparing pitch-shift paradigms with somatosensory perturbations of jaw
movements, both sensory perturbations trigger compensatory responses yet
auditory feedback is not dominant for all subjects (Lametti et al. 2012). Even
post-lingually deaf patients show accurate compensation to somatosensory
perturbation regardless if their cochlea implant was switched on or off (Nasir
and Ostry 2008). Mu¨rbe and colleagues (2004) found that in contrast to
auditory feedback, kinesthesia contributes increasingly to pitch-control with
singing experience, which may explain why trained singers are better at ig-
noring pitch-shifts (Zarate and Zatorre 2008) and compensate less compared
to non-singers (Jones and Keough 2008). This experience-dependent role of
kinesthesia corresponds to neuro-imaging results, revealing increased activa-
tion of laryngeal primary somatosensory cortex in opera singers compared to
non-singers when singing an Italian aria (Kleber et al. 2010).
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8.3 Effects of iTBS on vocal motor control
Intermittent theta burst stimulation is a form of transcranial magnetic stim-
ulation that requires only short stimulation time and produces long lasting
changes in cortico-spinal excitability based on long-term potentiation-like
effects on cortical synapses (Huang et al. 2011). Originally introduced by
Huang and colleagues (2005) iTBS related changes had been referred to
long-term potentiation like changes and the dependency on NMDA receptors
(Huang et al. 2007). Studies have demonstrated that iTBS over primary so-
matosensory cortex improves vibrotactile (Morley et al. 2007) and two-point
discrimination skills (Ragert et al. 2008), equivalent to improvements shown
with a 5 Hz repetitive TMS paradigm (Tegenthoff et al. 2005). iTBS over
S1 also facilitates somatosensory evoked potentials, with a peak effect found
about 15 minutes after stimulation (Katayama and Rothwell 2007).
In this thesis, I applied cTBS and iTBS over the right larynx S1 and found
improved pitch reproduction accuracy and pitch stability when auditory
feedback from the own voice was masked with noise but not when auditory
feedback was available. A possible explanation for this difference may be de-
rived from a well-known neural network model of vocal motor skill acquisition
and production (Directions Into Velocities of Articulators, DIVA) introduced
by Guenther (Guenther et al. 2006). The DIVA model proposes that neural
mappings for vocal tract movements are initially tuned by auditory feedback
from self-generated sounds to learn the relationship between motor actions
and their acoustic consequences (Guenther and Vladusich 2012). Once the
relationship is established, activation of a speech sound map (correspond-
ing to a small population of neurons in pre-motor cortex) leads to motor
commands from primary motor cortex, which is mediated by both sensory
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feedback and predictive feedforward mechanisms. Auditory targets for new
sounds become encoded in the neural projections of the sound map to an
auditory error map within auditory cortex, whereas feedforward predictions
are tuned by employing the acoustic feedback to transform auditory errors in
corrective motor commands until the model is sufficiently refined to produce
sounds without error (see figure 8.1). The repeated production, however,
eventually leads to the creation of somatosensory targets, which become so
strongly correlated with the acoustic target (Golfinopoulos et al. 2010, 2011)
that they may even be sufficient to match the precision requirements for
vocal production in the absence of sound (Nasir and Ostry 2008).
Although both somatosensory and auditory feedback likely act together for
vocal motor-control, the creation of precise somatosensory targets may re-
quire more time for development (Mu¨rbe et al. 2004). Lametti and colleagues
(2012) found that subjects who failed to adapt to auditory perturbation
adapted to somatosensory perturbation and vice versa. They proposed that
individuals might be more sensitive to a particular sensory modality depend-
ing on their individual sensory experience, whereas singing experience has
been associated with enhancement of the somatosensory feedback system
(Kleber et al. 2010, 2013). In my experiments, participants were inexperi-
enced singers and may not have developed somatosensory pitch-targets. It is
likely that they adopted a predominantly auditory error-detection strategy,
which might explain why iTBS was ineffective as long as auditory feedback
was available whereas iTBS was more effective when masking forced their
attention towards somatosensory feedback.
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Figure 8.1: Schematic display of the neural precessing stages as hypothezised by
the DIVA model. Image has been taken from Guenther et al. (2006).
A possible explanation can be derived from a model for vocal motor learning
introduced by Guenther et al. (2006). Based on the DIVA model, auditory
feedback will be dominant in non-singers as their vocal control system for
singing is relatively low developed (compared for example to speech). Only
with training, when people become professional singers, the somatosensory
feedback gains importance (Mu¨rbe et al. 2004; Kleber et al. 2013; Jones
and Keough 2008). I hypothesise that non-singers primarily rely on an
auditory feedback strategy in a singing task as long as this feedback channel
is available. If subjects solely have to rely on somatosensory feedback, TMS
can influence singing performance. This is in line with my results showing
that iTBS improves pitch reproduction accuracy and stability only when
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auditory feedback is disabled. However, one must also take the difference
between early and late aspects of pitch-production into account.
8.4 Early versus late effects of iTBS on pitch per-
formance
Perturbations of auditory feedback typically show auditory-motor responses
in the opposite direction, indicating a closed-loop feedback system that plays
an important role in phonatory control during singing and speaking (Larson
et al. 2000; Natke et al. 2003). These responses include a small magnitude
short latency (5˜0-150 ms after auditory stimulation) and larger magnitude
long latency (350 ms) component. The long latency component is thought to
show more voluntary control by engaging transcortical pathways whereas the
early component may be mediated by subcortical structures, reflecting lower-
level automatic mechanisms of pitch control during phonation to stabilise
voice pitch around an intentional pitch target (Sapir et al. 1983; Burnett
et al. 1998; Hain et al. 2000; Burnett and Larson 2002; Grell et al. 2009).
Interestingly, also the short latency component is modulated by intentions,
depending on the instructions given prior to testing (Hain et al. 2000).
Prior work has emphasised a critical role of kinaesthesia in early pitch-control.
Mechanical perturbations of the larynx can elicit long and short latency vocal-
responses (Sapir et al. 2000; Loucks et al. 2005) whereas pitch-shift response
latencies are typically prolonged when laryngeal mechanoreceptors in the
mucosa are anaesthetized (Grell et al. 2009). Larson and colleagues (2008)
investigated pitch-shift responses with and without laryngeal anaesthesia.
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Based on data and mathematical models they concluded that kinaesthetic
error acts with a shorter latency (≈ 20 ms) compared to auditory error, which
implies that somatosensory feedback is weighted more heavily during the
initial part of voice production whereas after ≈ 100 ms, auditory feedback
also participates. Therefore, iTBS may also affects the more automatically
controlled short latency pitch component. The finding that iTBS improved
initial pitch accuracy when auditory feedback was masked is consistent with
a vocal motor control system that monitors both auditory and somatosensory
feedback (Golfinopoulos et al. 2010; Hickok 2012; Katseff et al. 2012), yet
this effect suggests that the relative weighting of sensory feedback may not
only be driven by training (Kleber et al. 2010, 2013) or sensory preference
(Lametti et al. 2012) but also by attention (Larson et al. 2008). A change
in feedback-strategy could thus account for a higher gain of kinaesthetic
feedback when auditory control is no longer available, which may explain
why effects of iTBS were only seen under masking.
Unlike auditory feedback, somatosensory feedback is also available for pre-
phonatory tuning, that is the adjustment of vocal fold position, length, and
tension prior to voice onset (Wyke 1974b; Loucks et al. 2005). Accurate pre-
phonatory tuning is typical for trained singers (Murry 1990) but is also found
in subjects without singing experience (Watts et al. 2003). Amorosa and
colleagues (1986) demonstrated that children with unintelligible speech show
significantly more signs of abnormal pre-phonatory tuning and phonatory
modulation than control children. This suggests that iTBS could improve
initial pitch accuracy also by facilitating pre-phonatory tuning whereas the
former implies that somatosensory integration may be a pre-requisite for
singing skill independent from training.
In contrast, why was final pitch accuracy unaffected despite a non-significant
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trend towards improvement? As mentioned before, the late pitch-response
latency reflects a cortically mediated conscious process, whereas the early
latency represents automatic and less consciously controlled processes (Hain
et al. 2001). The laryngeal primary motor cortex of humans possesses direct
connections with the brainstem laryngeal motor-neurons, which is one of the
major evolutionary developments in humans toward the ability to speak and
vocalise voluntarily and represents the human advantage to vocal learning
(Simonyan and Horwitz 2011). Trained singers appear to have better volun-
tary control over the late pitch-response (Zarate and Zatorre 2008) and show
greater involvement of primary sensorimotor areas during singing (Kleber
et al. 2010, 2013). It might be that non-singers do not possess somatosen-
sory pitch memory due to the lack of singing experience and therefore no
somatosensory error detection, which is why S1 facilitation has no strong
effect on final pitch control even in the absence of hearing. However, this
speak against the finding, that final pitch stability is significantly improved
after S1-larynx stimulation. Pitch stability refers to fluctuation about the
median of the extracted fundamental frequency. A stable pitch production
contains less variance and indicates more even vocal fold oscillations (Titze
1988, 2008). Lower pitch stability is a typical characteristic of the adolescent
speaking voice (Boltez?ar et al. 1997) and improves during the course of
speech- motor development (Smith 2006). As pitch stability may there-
fore have been extensively trained in speech tasks, I suggest that larynx-S1
stimulation enhanced this feature of phonation control by improving the
mechanisms of vocal production (Wyke 1974a,b).
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8.5 Interactions with auditory feedback
Only non-singers with good-to-average pitch-discrimination skills participated
in this study to rule out that any perceptual deficit could be accountable for
deficits in singing performance. Unexpectedly, however, I found significant
interactions between auditory perceptual skills and masking and iTBS results
respectively. One the one hand, participants with lower perceptual skills
(i.e. higher discrimination thresholds) showed also lower pitch accuracy
scores during masked singing and, on the other hand, improved more in
initial and final pitch accuracy after iTBS larynx-S1 stimulation. It is
not uncommon that participants with lower entry-level skills also benefit
more from interventions aiming at improving them (Ladda et al. 2014).
Nevertheless, these results are indicative of a more inaccurate tuning of
somatosensory-motor mappings due to lower auditory perceptual skills as
suggested by the DIVA model (Guenther et al. 2006). Alternatively, the
opposite route is also conceivable since lower production accuracy could
shape less precise auditory perception based on the observation that action
and perception are inherently interwoven (Hickok et al. 2011). The latter has
recently also been impressively demonstrated for the somatosensory domain
(Ito and Ostry 2010, 2012).
Taken together, these results point to the idea, that dependent relationship
exist between pitch discrimination skills and pitch-matching accuracy, and
this relationship may help to explain why some persons, without training,
have an accurate singing voice, whereas others do not (Watts et al. 2005). To
sing accurately, then, a person most likely must have both accurate perceptual
abilities and precise vocal motor control (Estis et al. 2011). My data provides
strong evidence for the hypothesis that vocal accuracy in singing (and more
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generally in vocal production) is constrained by the somatosensory feedback
system and only partially dependent on the auditory domain. In summary,
I speculate that facilitation of somatosensory processing leads to general
improvements in pitch accuracy when dominant auditory feedback is not
accessible, which emphasizes the role of kinesthesia in pitch control.
8.6 Limitations and Outlook
I think that this study added an important new components to the under-
standing of the human voice and its control systems. However, there are still
open questions my experiments could not answer, partly due to the limita-
tions I had to adhere based on the experimental setup. In both experiments
I could only focus on one hemisphere. This was due to technical reason but
also methodological uncertainties. On the one hand it was impossible to
stimulate both hemisphere at the same time, as the system allowed only
the stimulation with one coil at a time. On the other hand, there are no
experimental experiences with simultaneous TBS stimulation on two sites.
Therefore, I decided to stimulate only the right hemisphere. One reason
for this decision was, that other areas (e.g. right auditory cortex) of this
hemisphere are reported as being more important in fine pitch discrimina-
tion (Zatorre et al. 2002; Hyde et al. 2008) and motor control in singing
(Alcock et al. 2000; Riecker et al. 2000; Kleber et al. 2013). In my opinion,
this makes it also more likely that stimulation of the right hemispheric so-
matosensory representation of the laryngeal muscles has an effect on precise
pitch control for singing. Nevertheless, I think future work might focus on
the inter-hemispheric differences to further disentangle the relationship of
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auditory and somatosensory feedback in voice control. It might be that,
comparable to the auditory system and motor system, the somatosensory
feedback system is different for each hemisphere, too. This might show up in
a similar differentiation as in the auditory system, with the left hemisphere
more specialised for time related aspects of a signal and the right hemisphere
more specialised for pitch related information.
The extensive connections between laryngeal S1 and M1 as well as S1 and
parietal areas suggest that S1 stimulation also activated the motor network
via involvement of M1. Secondly, I evaluated behavioural effects in response
to a control area but not in response to an area that is actively involved
in vocal motor control (e.g., inferior parietal lobe). Therefore, a double-
dissociation was not possible, which would have strengthened my claim.
Additional methods such as fMRI pre- and post-TMS are required to confirm
assumed network-effects with respect to interhemispheric specialization lat-
eralization and the involvement of other areas of the singing network due to
stimulation. Although the effect sizes are moderate to good, a larger sample
could clarify if missing significances for final pitch accuracy and initial pitch
stability are due to the limited number of subjects.
Further, I would suggest to include professional singers of which one knows
that they have a stronger somatosensory representation (Kleber et al. 2010)
and rely more in kinaesthetic feedback (Mu¨rbe et al. 2004) in future studies.
A system which relies more on somatosensory information should also react
stronger to changes in this modality. Therefore, I would expect that a cTBS
stimulation might have a deteriorating effect on professional singers, while
their auditory feedback is masked, similar to the effect Kleber et al. (2013)
could demonstrated in anaesthetising the vocal folds. For arguable reasons
(see above), one could not see a effect of cTBS on non-singers. However,
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a worsening effect of cTBS would even more strongly support my theory
that the S1 representation of the larynx is causally involved in precise vocal
motor control. I believe that deploying a inhibitory TMS protocol could lead
to impairment of singing performance in processional singers and therefore
would further establish the role of the primary somatosensory laryngeal
muscle representation for complex vocal motor control feedback.
Additionally, I suggest to clarify the relationship between pitch discrimination
and pitch production performance. My results suggest a strong coupling
between auditory perceptual skills and pitch reproduction skills. It might
be interesting to investigate further possible cross-modal effects. One could
examine if stimulation on the laryngeal S1 area also leads to changes in
auditory skills, e.g. pitch discrimination. Recent studies support the idea of
a bidirectional cross-modal relationship between auditory and somatosensory
areas (Leveque et al. 2013).
Finally, I would propose to investigate in detail the short term functional
changes caused by the TMS stimulation using a fMRI design. Using a
similar setup which has been used in both presented experiments, however,
conducting the singing task inside an MRI scanner could yield information
about the functional and connectivity changes caused by TMS (Andoh and
Zatorre 2011). Of special interest would be the exact location of the changes
correlated with improved singing performance.
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8.7 Conclusion
Here I report first evidence for a causal relationship between neural facilitation
of laryngeal somatosensory cortex and behavioural effects on fine vocal motor-
control. Based on this data I propose that kinaesthetic feedback is more
fundamentally involved in respiratory-laryngeal motor coordination during
vocal pitch-control than acknowledged by current models of speech motor
control (Guenther et al. 2006; Hickok et al. 2011; Houde and Nagarajan 2011;
Tian and Poeppel 2010). These findings might help to further theories on
vocal pitch control in the general population (Hutchins and Peretz 2013) and
production preserved congenital amusics (Dalla Bella et al. 2009; Hutchins
et al. 2010; Hutchins and Peretz 2012; Loui et al. 2009). Additional studies
are required to test TMS effects on interhemispheric connectivity (Andoh and
Zatorre 2011) and on the neural networks underlying vocal motor control.
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AK24 51 -7 44
HK05 54 -5 40
MB08 66 -25 44
ME03 66 -10 36
MK29 54 2 44
MW03 51 -7 48
SL15 51 -4 44
SP27 54 -7 44
TD19 54 -10 40
group mean 55.7 -8.1 42.7
Table 8.3: Above the main activation peak (right hemisphere) in MNI-coordinates
are displayed for the singing fMRI localizer task in experiment I.
Table 8.5
Pitch discrimination task performance
(Experiment II)
Subject Thresholds















group mean 0.70 12.08
Table 8.5: Pitch discrimination task thresholds for all subjects individually. Results
are displayed in % difference from tone one to tone two and in Cent. All subjects






Subject Sex Age EHI score
AK24 m 44 88
HK05 m 46 79
MB08 f 38 100
ME03 m 42 66
MK29 m 42 78
MW03 f 40 69
SL15 m 42 60
SP27 f 40 100
TD19 f 40 67
group mean m = 5 23.67 78.56
f = 4
Table 8.4: Detailed demographic information including subjects’ sex, age and





Subject Sex Age EHI score
AK24 m 34 88
AH77 f 24 63
ES29 m 25 60
HR62 f 35 45
JB73 m 23 100
JS86 m 26 89
MB08 f 26 100
ME03 m 26 66
MK29 m 32 78
MW22 f 24 67
NB63 m 22 71
SC16 f 29 100
SW22 f 28 100
VS55 f 28 86
group mean m = 7 27.29 73.07
Table 8.6: Detailed demographic information including subjects’ sex, age and






Trial F0(start) F0(target) Interval step Start tone Target tone
in Hz in Hz
1 311.13 349.23 2 D#4 F4
2 311.13 196.00 -8 D#4 G3
3 311.13 311.13 0 D#4 D#4
4 311.13 440.00 6 D#4 A4
5 311.13 246.94 -4 D#4 B3
6 311.13 207.65 -7 D#4 G#3
7 311.13 261.63 -3 D#4 C4
8 311.13 523.26 9 D#4 C5
9 311.13 207.65 -7 D#4 G#3
10 311.13 523.26 9 D#4 C5
11 311.13 185.00 -9 D#4 F#3
12 311.13 311.13 0 D#4 D#4
13 311.13 370.00 3 D#4 F#4
14 311.13 261.63 -3 D#4 C4
15 311.13 185.00 -9 D#4 F#3
16 311.13 311.13 0 D#4 D#4
17 311.13 293.67 -1 D#4 D4
18 311.13 329.63 1 D#4 E4
19 311.13 185.00 -9 D#4 F#3
20 311.13 233.08 -5 D#4 A#3
21 311.13 293.67 -1 D#4 D4
22 311.13 466.17 7 D#4 A#4
23 311.13 293.67 -1 D#4 D4
24 311.13 466.17 7 D#4 A#4
25 311.13 207.65 -7 D#4 G#3
26 311.13 261.63 -3 D#4 C4
27 311.13 466.17 7 D#4 A#4
28 311.13 261.63 -3 D#4 C4
29 311.13 185.00 -9 D#4 F#3
30 311.13 466.17 7 D#4 A#4
31 311.13 311.13 0 D#4 D#4
32 311.13 233.08 -5 D#4 A#3
33 311.13 261.63 -3 D#4 C4
34 311.13 311.13 0 D#4 D#4
35 311.13 466.17 7 D#4 A#4
36 311.13 233.08 -5 D#4 A#3
37 311.13 370.00 3 D#4 F#4
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38 311.13 185.00 -9 D#4 F#3
39 311.13 415.31 5 D#4 G#4
40 311.13 329.63 1 D#4 E4
41 311.13 523.26 9 D#4 C5
42 311.13 233.08 -5 D#4 A#3
43 311.13 523.26 9 D#4 C5
44 311.13 329.63 1 D#4 E4
45 311.13 370.00 3 D#4 F#4
46 311.13 293.67 -1 D#4 D4
47 311.13 185.00 -9 D#4 F#3
48 311.13 293.67 -1 D#4 D4
49 311.13 415.31 5 D#4 G#4
50 311.13 329.63 1 D#4 E4
51 311.13 523.26 9 D#4 C5
52 311.13 293.67 -1 D#4 D4
53 311.13 311.13 0 D#4 D#4
54 311.13 207.65 -7 D#4 G#3
55 311.13 261.63 -3 D#4 C4
56 311.13 233.08 -5 D#4 A#3
57 311.13 370.00 3 D#4 F#4
58 311.13 261.63 -3 D#4 C4
59 311.13 415.31 5 D#4 G#4
60 311.13 311.13 0 D#4 D#4
61 311.13 415.31 5 D#4 G#4
62 311.13 466.17 7 D#4 A#4
63 311.13 207.65 -7 D#4 G#3
64 311.13 311.13 0 D#4 D#4
65 311.13 261.63 -3 D#4 C4
66 311.13 370.00 3 D#4 F#4
67 311.13 233.08 -5 D#4 A#3
68 311.13 261.63 -3 D#4 C4
69 311.13 207.65 -7 D#4 G#3
70 311.13 329.63 1 D#4 E4
71 311.13 466.17 7 D#4 A#4
72 311.13 185.00 -9 D#4 F#3
73 311.13 293.67 -1 D#4 D4
74 311.13 311.13 0 D#4 D#4
75 311.13 415.31 5 D#4 G#4
76 311.13 293.67 -1 D#4 D4
77 311.13 466.17 7 D#4 A#4
78 311.13 523.26 9 D#4 C5
79 311.13 370.00 3 D#4 F#4
80 311.13 185.00 -9 D#4 F#3
81 311.13 523.26 9 D#4 C5
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82 311.13 207.65 -7 D#4 G#3
83 311.13 370.00 3 D#4 F#4
84 311.13 207.65 -7 D#4 G#3
85 311.13 523.26 9 D#4 C5
86 311.13 370.00 3 D#4 F#4
87 311.13 185.00 -9 D#4 F#3
88 311.13 329.63 1 D#4 E4
89 311.13 233.08 -5 D#4 A#3
90 311.13 261.63 -3 D#4 C4
91 311.13 207.65 -7 D#4 G#3
92 311.13 329.63 1 D#4 E4
93 311.13 523.26 9 D#4 C5
94 311.13 466.17 7 D#4 A#4
95 311.13 523.26 9 D#4 C5
96 311.13 293.67 -1 D#4 D4
97 311.13 466.17 7 D#4 A#4
98 311.13 185.00 -9 D#4 F#3
99 311.13 415.31 5 D#4 G#4
100 311.13 207.65 -7 D#4 G#3
101 311.13 370.00 3 D#4 F#4
102 311.13 311.13 0 D#4 D#4
103 311.13 329.63 1 D#4 E4
104 311.13 311.13 0 D#4 D#4
105 311.13 415.31 5 D#4 G#4
Table 8.7: All musical tones and their frequencies which had been used in experiment





Trial F0(start) F0(target) Interval Start tone Target tone
in Hz in Hz
1 311.13 349.23 2 D#4 F4
2 311.13 196.00 -8 D#4 G3
3 311.13 311.13 0 D#4 D#4
4 311.13 440.00 6 D#4 A4
5 311.13 246.94 -4 D#4 B3
6 311.13 207.65 -7 D#4 G#3
7 311.13 185.00 -9 D#4 F#3
8 311.13 466.17 7 D#4 A#4
9 311.13 523.26 9 D#4 C5
10 311.13 415.31 5 D#4 G#4
11 311.13 466.17 7 D#4 A#4
12 311.13 523.26 9 D#4 C5
13 311.13 329.63 1 D#4 E4
14 311.13 293.67 -1 D#4 D4
15 311.13 261.63 -3 D#4 C4
16 311.13 207.65 -7 D#4 G#3
17 311.13 233.08 -5 D#4 A#3
18 311.13 466.17 7 D#4 A#4
19 311.13 293.67 -1 D#4 D4
20 311.13 233.08 -5 D#4 A#3
21 311.13 415.31 5 D#4 G#4
22 311.13 293.67 -1 D#4 D4
23 311.13 233.08 -5 D#4 A#3
24 311.13 466.17 7 D#4 A#4
25 311.13 311.13 0 D#4 D#4
26 311.13 523.26 9 D#4 C5
27 311.13 207.65 -7 D#4 G#3
28 311.13 370.00 3 D#4 F#4
29 311.13 329.63 1 D#4 E4
30 311.13 523.26 9 D#4 C5
31 311.13 185.00 -9 D#4 F#3
32 311.13 293.67 -1 D#4 D4
33 311.13 261.63 -3 D#4 C4
34 311.13 311.13 0 D#4 D#4
35 311.13 329.63 1 D#4 E4
36 311.13 415.31 5 D#4 G#4
37 311.13 233.08 -5 D#4 A#3
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38 311.13 185.00 -9 D#4 F#3
39 311.13 329.63 1 D#4 E4
40 311.13 311.13 0 D#4 D#4
41 311.13 207.65 -7 D#4 G#3
42 311.13 415.31 5 D#4 G#4
43 311.13 233.08 -5 D#4 A#3
44 311.13 261.63 -3 D#4 C4
45 311.13 370.00 3 D#4 F#4
46 311.13 261.63 -3 D#4 C4
47 311.13 185.00 -9 D#4 F#3
48 311.13 370.00 3 D#4 F#4
49 311.13 185.00 -9 D#4 F#3
50 311.13 293.67 -1 D#4 D4
51 311.13 523.26 9 D#4 C5
52 311.13 311.13 0 D#4 D#4
53 311.13 466.17 7 D#4 A#4
54 311.13 207.65 -7 D#4 G#3
55 311.13 370.00 3 D#4 F#4
56 311.13 329.63 1 D#4 E4
57 311.13 370.00 3 D#4 F#4
58 311.13 415.31 5 D#4 G#4
59 311.13 261.63 -3 D#4 C4
60 311.13 311.13 0 D#4 D#4
Table 8.8: All musical tones and their frequencies which had been used in experiment
II, as well as the corresponding interval size in semitones.
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Figure 8.2: Histogram shows how often the different interval sizes had been used
in the pitch reproduction task in experiment I. Interval direction could be positive
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Figure 8.3: Histogram shows how often the different interval sizes had been used in
the pitch reproduction task in experiment II. Interval direction could be positive











Bitte geben Sie an, welche Hand (links oder rechts) Sie bei folgenden Aktivitäten bevorzugen, 
indem Sie in die entsprechende Spalte ein Kreuz machen. 
 
 Wenn Sie also eine Hand bei der jeweiligen Tätigkeit bevorzugen machen Sie bitte in die 
entsprechende Spalte ein Kreuz. 
 
 Wenn die Handbevorzugung so groß ist, das Sie nie versuchen würden, die andere Hand zu 
benutzen, machen Sie bitte 2 Kreuze in die entsprechende Spalte. 
 
 Falls Sie sich nicht schlüssig sind, ob Sie bei der Tätigkeit die linke oder die rechte Hand 
bevorzugen, machen Sie ein Kreuz in beiden Spalten. 
 
Einige Aktivitäten erfordern beide Hände. In diesem Fall ist der Teil der Aufgabe, für den die 
Bevorzugung gefragt ist, in Klammern gesetzt. 
 
Bitte beantworten Sie alle Fragen. Nur wenn Sie keinerlei Erfahrung mit dem Objekt oder der 
Aufgabe haben, lassen Sie die Spalte frei. 
 
Falls Sie noch Fragen haben sollten, stellen Sie diese bitte dem Leiter der Untersuchung. 
 










































Schachtel öffnen (Deckel)   








Welches Auge benutzen Sie, wenn Sie nur eines benutzen?   
    
 
 
__________________________   __________________________________ 






Fragen zur musikalischen Erfahrung 
1.	  Ausbildung	  und	  Beruf	  
Schulabschluss:  _________________________________________________ 
Ausbildung/Beruf:  _________________________________________________ 
2.	  Musikalische	  Erfahrung	  
A: Gesang 
1. Hatten Sie schon einmal Gesangsunterricht?   Ja  Nein 
 Wenn ja, in welchem Alter? Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie oft? ________(h) Woche _______(Tage) Monat 
2. Singen Sie alleine oder im Chor? Allein   Chor         Keines von beiden 
3. Wie viele Jahre singen Sie insgesamt?  __________________________________________ 
4. Singen Sie regelmäßig?   Ja  Nein 
 Wenn ja, wie viele Tage/Monat? __________________________________________ 
 Wenn ja, wie viele Stunden/Woche? __________________________________________ 
5. Sangen Sie in einem Kinderchor?   Ja  Nein 
 Wenn ja, in welchem Alter? Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie regelmäßig? __________________________________________ 
6. Wurde in Ihrer Familie gesungen?   Ja  Nein 
7. Wenn Sie Gesang studieren: 
 Wann haben Sie damit begonnen (Alter)? __________ 
 In welchem Semester sind Sie? __________________________________________ 
 In welchem Studiengang sind sie? __________________________________________ 
 Wie viele Auftritte singen Sie pro Semester?  _____________________________________ 
8. Haben Sie Freude am Singen? 
Keine Ein Wenig Durchschnittlich Viel Sehr viel 
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B:	  Instrument	  
9. Spielen Sie ein Instrument?  Ja  Nein  (Hauptinstrument) 
 
 Wenn ja, welches?  __________________________________________ 
 Wenn ja, seit wann (Alter)?  Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie oft? ________(h) Woche _______(Tage) Monat 
Hatten Sie darin Instrumentalunterricht?   Ja  Nein 
 Wenn ja, seit wann (Alter)? Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie oft? ________(h) Woche _______(Tage) Monat 
Hatten Sie an einer Hochschule unterricht?   Ja  Nein 
 Wenn ja, in welchem Alter? Jahr: ________  bzw. von:_________bis: ________ 
Hatten Sie Auftritte mit dem Instrument?   Ja  Nein 
 Wenn ja, seit wann (Alter)? Jahr: ________  bzw. von:_________bis: ________ 
 Wie oft pro Semester?    ____________ 
 
10. Spielen Sie ein zweites Instrument?  Ja  Nein   (Nebeninstrument) 
 Wenn ja, welches?  __________________________________________ 
 Wenn ja, in welchem Alter?  Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie oft? ________(h) Woche _______(Tage) Monat 
Hatten Sie Instrumentalunterricht?   Ja  Nein 
 Wenn ja, seit wann Alter? Jahr: ________  bzw. von:_________bis: ________ 
 Wenn ja, wie oft? ________(h) Woche _______(Tage) Monat 
Ergänzung für weiterer Instrumente:___________________________________________________ 
________________________________________________________________________________ 
11. Wurde in Ihrer Familie ein Instrument gespielt?   Ja Nein 
 Wenn ja, welche ___________________________________________________________ 
12. Welche Musiktraditionen gab es Zuhause? __________________________________________ 
________________________________________________________________________________ 
= ! Frage 11 
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C:	  Einfluss	  von	  Musik	  
13. Hatten Sie irgendwelchen Musiktheorieunterricht oder Hörtraining? Wenn ja, wie lange und wie 
alt waren Sie als Sie anfingen?_______________________________________________________ 
________________________________________________________________________________ 
 
14. Schätzen Sie Ihre Fähigkeit im Notenlesen ein: 
Keine Ausreichend Durchschnittlich Gut Sehr gut 
     
15. Welchen Musikstil hören Sie am meisten? __________________________________________ 
16. Welchen Musikstil hören/hörten Ihre Eltern am meisten? _______________________________ 
17. Mit welchem Alter entwickelten Sie Ihren eigenen Musikgeschmack? _____________________ 
18. Wie viele Stunden pro Woche hören Sie aufmerksam Musik? ___________________________ 
 
3.	  Demographische	  Daten	  




20. In welchem Land sind Sie geboren und bzw. oder aufgewachsen?________________________ 
________________________________________________________________________________ 
 
21. Haben Sie diagnostizierte Hörschäden?    Ja  Nein 
Wenn ja, welche? __________________________________________________________ 
 
22. Haben Sie ein absolutes Gehör?   Ja  Nein                       
 
23. Dürfen wir Sie für zukünftige Studien kontaktieren?  Ja  Nein 
 






       Bitte beantworten Sie diese Fragen vor Durchführung der TMS-Untersuchung: 
 
 
Traten bei Ihnen jemals Anfallsleiden oder unklare Bewusstseinseintrübungen auf? 
 O Nein       O Ja     _________________ 
      Welche 
Sind in Ihrer Familie epileptische Erkrankungen bekannt? 
 O Nein       O Ja     _________________ 
Bestehen oder bestanden andere neurologische oder psychiatrische Erkrankungen? 
(z.B. Psychosen, Angstanfälle, Tics, Krampfanfälle) 
O Nein       O Ja     _________________ 
Hatten Sie jemals einen schweren Unfall unter Mitleidenschaft des Kopfes? 
(z.B. Schädel-Hirn-Trauma) 
 O Nein       O Ja     _________________ 
Hatten Sie jemals eine Operation am Kopf ? 
 O Nein       O Ja     _________________ 
Wenn ja, befinden sich seit einer Operation Metallteile in Ihrem Kopf ? 
(z.B. chirurgische Metallteile wie Platten,  Drähte oder Klammern) 
 O Nein       O Ja     _________________ 
Befindet sich durch einen Unfall oder eine Verletzung Metall in Ihren Kopf ?  
(z.B. durch einen Auto-, Freizeit- oder Berufsunfall, oder eine Schussverletzung) 
 O Nein       O Ja     _________________ 
Tragen Sie elektrische Stimulationsgeräte am Körper? 
(zum Beispiel einen Herzschrittmacher, TENS- Einheit oder tiefe Hirnstimulation) 





Nehmen Sie regelmäßig Medikamente? 
 O Nein       O Ja     _________________ 
z.B. Aspirin in hoher Dosis (> 2g/d) – Schleifendiuretika – Chemotherapie – Neuroleptika - 
regelmäßige Einnahme von sedierenden Mitteln (z.B. Benzodiazepinen) 
 
Bei Frauen: könnten sie schwanger sein? 
 O Nein       O Ja     _________________ 
Einwilligungserklärung	  
Mit dieser Unterschrift bestätige ich, dass ich über die Ziele, die Dauer, den Ablauf, den 
Nutzen sowie sämtliche Risiken der Studienteilnahme aufgeklärt worden bin. Ich bin darüber 
informiert worden, dass die Teilnahme an dieser Untersuchung von einem Arzt supervisiert 
werden muss, vollkommen freiwillig ist und dass das Einverständnis jederzeit ohne Angaben 
von Gründen und ohne Nachteile für mich widerrufen werden kann. Die Weitergabe von 
personenspezifischen Daten erfolgt gemäß Datenschutzrichtlinien ausschließlich in 
anonymisierter Form.  
Name:___________________________________ Geburtsdatum: ______________________ 
__________________________________________________________________________ 





Sicherheitsfragen vor Durchführung einer MRT-Studie 
 
Ist durch einen Unfall oder eine Verletzung Metall in Ihren Körper gekommen? Möglich wäre 
dies z.B. 
durch einen Berufsunfall (Metallarbeiter, Schweißer, etc.) 
durch Schussverletzungen oder Granatsplitter 
bei Verletzungen im Gesicht v.a. am Auge 
 
 Ja  Nein  
  
 
Befinden sich seit einer Operation Metallteile bzw. andere Implantate/Prothesen in Ihrem 
Körper wie 
• Herzschrittmacher oder andere Geräte ?     □  ja □  nein 
• Implantate an Herz oder Blutgefäßen, z.B. künstliche 
Herzklappe, Stent, Shunt oder Port, Clips, Coils, Filter, 
Katheder, Defibrilator etc. ? 
□  ja □  nein 
• orthopädische oder chirurgische Metallteile (Clips, 
Platten, Nägel, Drähte, Klammern, Nähte, etc.) ? 
□  ja □  nein 
• irgendwelche Prothesen (Einfache Zahnplomben sind 
ohne Belang) ? 
□  ja □  nein 
• andere Implantate, z.B. Gelenkimplantate, 
Intrauterinpessar (Spirale), Insulinpumpe etc. ? 
□  ja □  nein 
• metallhaltige Teile anderer Art (z.B. abgebrochene 
Biopsienadeln, Dauerakupunktur-nadeln) ? 
□  ja □  nein 
• Tätowierungen □  ja □  nein 
• Piercing □  ja □  nein 
• Permanent make-up □  ja □  nein 
 
 
Einige Erkrankungen und besondere Umstände sollten bei der Untersuchung besonders 
berücksichtigt werden. Trifft einer der folgenden Punkte bei Ihnen zu? 
• Zuckerkrankheit     □  ja □  nein 
• Bluthochdruck □  ja □  nein 
• Lungen- oder Herzerkrankung □  ja □  nein 
• Nieren- oder Lebererkrankung □  ja □  nein 
• Blutarmut □  ja □  nein 
• neurologische Erkrankungen wie Epilepsie, Schlaganfall, 
etc. 
□  ja □  nein 
• sonstige Erkrankungen, die eine regelmäßige ärztliche 
Behandlung oder die Einnahme von Medikamenten 
erfordern 
□  ja □  nein 
 
• Abhängigkeit (auch frühere) von Alkohol, Drogen oder 
Medikamenten 
□  ja □  nein 
• bei Frauen: mögliche Schwangerschaft □  ja □  nein 
• Klaustrophobie (Angstzuständen in engen Räumen)? 
 








Legen Sie bitte alle der im Folgenden aufgelisteten Gegenstände ab, bevor Sie den MR-
Raum betreten, damit diese nicht beschädigt werden bzw. keine Unfälle verursachen 
können. Sie können Ihre Sachen vor dem Untersuchungsraum in Schließfächern 
deponieren. Ein Raum zum Umziehen ist ebenfalls vorhanden. 
 
Vorher abzulegende Gegenstände: 
Kreditkarten u.a. Karten mit Magnetstreifen 





Schmuck (Ringe, Halsketten, Ohrringe, etc.) 
Stifte 




sonstige Gegenstände aus Metall, die Sie bei sich tragen 
 
Brille und Schuhe können Sie im MR-Raum ablegen. Den Schließfachschlüssel sollten 
Sie bei den Untersuchern abgeben, die ihn sicher verwahren.  
Bitte durchsuchen Sie alle Ihre Taschen und vergewissern Sie sich, dass Sie sicher keine 





Ich bestätige, dass Herr/Frau _______________________die Sicherheitsfragen mit mir 
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